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Introduction 


Since the appearance of a paper by JUMELLE (4) on the effect of low tem- 
peratures upon ‘‘assimilation,’’ there have been a number of publications 
dealing with this subject. The chief points of interest seem to have been 
in locating the maximal and minimal temperatures for photosynthesis and 
respiration and in plotting the course or rates of these processes with respect 
to variations in temperature. 

JUMELLE placed the plant material, such as spruce branches and lichens, 
in apparatus where temperature and light could be varied and attempted to 
measure changes in the composition of the surrounding air. From his results 
he concluded that spruce and lichens could earry on ‘‘assimilation’’ at tem- 
peratures as low as — 30° C. and — 40° C., respectively, and that ‘‘assimila- 
tion’’ continued at a much lower temperature than did respiration. His 
results have been questioned and his methods adversely criticized by sub- 
sequent workers. 

Ewart (1) reported that many plants, including Pinus montana, Taxus 
baccata, Thuja occidentalis, and Juniperus sabina, following three weeks of 
January weather often as cold as — 15° C. were unable to carry on ‘‘assimila- 
tion’’ even when exposed to a temperature as high as 15° C. until after a lapse 
of from 2 to 8 hours of time. Furthermore, respiration was found to be 
active at temperatures too low for ‘‘assimilation,’’ and after plants had been 
exposed to low temperatures and subsequently to warm temperatures respira- 
tion became apparent before ‘‘assimilation.’’ 

MarrHaeE! (5, 6) also questioned the work of JUMELLE. She was able to 
detect ‘‘assimilation’’ in a detached cherry laurel leaf at —6° C., and agreed 
with Ewart that respiration occurred at lower temperatures than did 
*‘assimilation.’’ 

ZACHAROWA (8) used potted trees of Picea excelsa and Pinus sylvestris 
which were from 4 to 5 years old. The trees were kept in small glass houses 
on top of the laboratory roof and were further protected by a mulch of straw 
and saw dust which was placed around and over the pots. The temperature 

1 Paper from the Department of Botany, Northwestern University. 
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of the glass houses was maintained within a few degrees of the outside air by 
opening or closing the doors as the situation required. Using a barium 
hydroxide absorption method, changes in the carbon dioxide content of the 
air which was drawn through glass cylinders containing intact twigs were 
measured. Experiments were performed during November to March in 
direct light, diffuse light, and darkness. Air temperatures ranged from 
15° C. to—14° C. but were mostly below freezing. Measurements of air and 
leaf temperatures in sunlight indicated that below 0° C. the leaves were less 
than one degree warmer than the air, and that the air in the cylinders con- 
taining the twigs was usually less than two degrees warmer than the air 
in the check cylinders. 

ZACHAROWA found that in diffuse light Pinus and Picea had a higher rate 
of photosynthesis than respiration from November to February but from then 
until the end of March carbon dioxide was only liberated. In sunlight Pinus 
absorbed carbon dioxide only in January and February while Picea absorbed 
carbon dioxide from December to March. For both species the amounts of 
carbon dioxide absorbed in sunlight were less than in diffuse light. 

IvANOv and Or.Lova (3) determined the rates of photosynthesis and 
respiration in pine during the winter near Leningrad. They used a closed 
system consisting of a glass vessel into which twigs or reagents could be 
placed without any serious change in the air content. Empty vessels served 
as checks. For the various experiments branches of one-year growth were 
cut from pine trees which were 16 to 17 vears old. Experiments were per- 
formed in the open under natural light and temperature. Measurements 
of the rates of respiration in the twigs were made following the determination 
of photosynthesis and under the same conditions except for light. Ex- 
periments were also conducted in the laboratory with artificial light at 20° 
C. Most of the experiments outside were of one-hour duration at tempera- 
tures from 16.5° to —11° C., but mostly a few degrees above freezing. In 
diffuse light it was found that photosynthesis decreased rapidly from 
October to the end of December, was quite low during Janaury, February 
and the early part of March, and then increased to peak capacity by the end 
of April. Photosynthesis was observed at temperatures as low as —7° C. 

(xperiments performed in the same manner but in direct sunlight gave 
results which showed the same trend as those in diffuse light. 

Data obtained at 20° C. in the laboratory with twigs cut from the trees 
outside indicate a low assimilative capacity in pine from the last of December 
to March. This low capacity for assimilation was correlated with an 
alteration in the appearance and position of the chloroplasts. After a few 
days of warm temperature the chloroplasts resumed their usual state and 
activity. 

According to Printz (7) Pinus sylvestris and Picea excelsa have no rest 
period during the winter. Assimilation does not occur below —2° C. or —3 
C., but respiration can take place down to—12° C. Along the Atlantic coast 
of Seandinavia, even during mild winters, respiration exceeds assimilation 
due to weak light. 
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Such results as the foregoing and others have led some people to assume 
that during the winter months in the temperate zone many evergreens are 
able to carry on sufficient photosynthesis to compensate for the carbohydrates 
consumed in respiration. It has seemed worth while to the writer to test this 
assumption further by field experiments on intact plants which were exposed 
to the rigorous extremes of winter weather. The purpose of this paper is 
to present data for some conifers under such conditions during a winter in 
northern Illinois. 


Materials and methods 


The trees used in this work were black spruce (Picea mariana), scotch 
pine (Pinus sylvestris) and black pine (Pinus nigra var. austriaca). Dur- 
ing the fall of 1942 one of each of these species of conifer was tranplanted 
from the nursery to a spot about six feet outside of the laboratory window. 
The trees were balled and burlapped during the move and judging from the 
growth the subsequent spring were not adversely affected. At this time the 
trees were about five feet tall. The site of the planting had an eastern 
exposure and was approximately one hundred feet from the shore of Lake 
Michigan. 

In this proximity to the building it was possible to have the testing 
apparatus, consisting of air pump, gas meter, absorption towers and reagents 
in the laboratory. Connections from the absorption towers to the trees 
consisted of glass tubing with rubber joints. On each tree the end of a 
branch with leaves was inclosed in a wide-mouth glass container which was 
supported by a stake driven into the ground. The mouth of the container 
was closed with a three-holed rubber stopper split to the center hole to per- 
mit the placing of the intact stem through it at this point. The other two 
holes in each stopper were for a short inlet tube and a long outlet tube which 
reached to the bottom of the container and was connected to the absorption 
towers as just described. 

Air temperatures were measured by maximum-minimum thermometers 
which were hung in the trees in such positions as to be shielded from the direct 
rays of the sun. It is probable that the temperatures recorded were not 
identical with the temperatures inside of the plant chambers in spite of the 
fact that the air was changed in each container approximately once each 
minute. Temperatures within the leaves would doubtless be very pertinent 
but were unobtainable with the facilities which were available. Light in- 
tensity was measured in foot candies with a Weston illumination meter, 
model 603. 

Respiration and apparent photosynthesis were determined by measuring 
changes in the carbon dioxide content of the air which passed around the 
leafy branches in the glass chambers and then through absorption towers 
similar to those used by HernicKE and HorrMan (2). The air flow was main- 
tained at rates of from two to three cubic feet per hour, depending upon the 
tower, with a suction pump. With such rates of flow the carbon dioxide 
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content of the air was never reduced more than 20 per cent. Under the 
conditions of the experiments the determination of carbon dioxide in milli- 
grams per cubic foot of air had a probable error of + 0.07. In tabulating 
the results, all variations in carbon dioxide content per cubic foot of air 
less than the probable error were considered of dubious value and designated 
as zero. The duration of each experiment was from two to three hours. 


Results and discussion 


In calculating the rates of photosynthesis or of respiration for conifers 
one is confronted with the problem of whether to express them on the basis 
of number, area, volume, fresh weight, or dry weight of the leaves. Since the 
specific gravity of the leaves of the conifers used in this work was only 
slightly less than 1.0 the results are about the same when calculated on either 


TABLE I 


DATA PERTAINING TO THE APPARENT PHOTOSYNTHESIS IN ONE TERMINAL STEM SEGMENT 
OF SCOTCH PINE HAVING 432 LEAVES WITH A VOLUME OF 20 ML. AND A FRESH 
WEIGHT OF 19.1 GM. THE MINIMUM TEMPERATURE OF THE PRECF™ING 
NIGHT IS GIVEN UNDER NIGHT 





| APPARENT PHOTOSYNTHESIS 
TEMPERATURE LIGHT IN MG. CO, PER HR. PER 





| 
DATE GIVEN UNIT OF LEAVES 
1943 | ~~ - —— —_______—— — 

| NIGHT EXPERIMENT 1000 wore TOTAL 10 ML. 10 GM. 

CANDLES 

of. C mg. mq. mq. 
1/4 | — 6.7 - 5.6 to —3.9 10.0 2.2 * a 1.2 
1/5 —14.4 — 8.2 to —44 10.0 5.3 2.7 2.8 
1/12 — 10.0 — 7.2 to —5.5 10.0 4.6 2.3 2.4 
1/13 - 16.7 —12.0 to —8.2 4 to 10 —1.3 — 0.7 — 0.7 
1/26 —17.8 -—10.5 to —6.0 8.4 8.2 4.1 4.2 
2/11 -15.6 | -10.5 to -—7.2 7.0 —- 3.6 —-1.8 -1.9 
3/3 -19.4 ~% — 9.4 to -—5.5 10.0 -1.5 — 0.7 —0.8 
3/5 -—- 83 | —-— 4.4 to —2.2 2.8 0.0 0.0 0.0 
3/22 - 44 | 28 to 5.6 10.0 5.4 2.7 2.8 
3/31 | 12.2 | 24.0 10.0 0.0 0.0 | 0.0 





the basis of volume or fresh weight (tables I, II, and III). Both of these 
bases have been used by other investigators, are easily determined, and seem 
entirely satisfactory for comparative purposes in this report. 

These experiments were performed under fluctuating environmental con- 
ditions that were subject only to the vagaries of the weather. The presence 
of many unmeasured factors makes it difficult to arrive at specific con- 
clusions. It is obvious that any day-to-day differences in apparent photo- 
synthesis for a given species cannot be ascribed wholly to differences in tem- 
perature because of such unknown factors as the water relations of the 
leaves, water relations of the soil, depth of freezing, and carbohydrate con- 
tent of the plants. Furthermore, one is not justified in assuming that the 
results obtained for any particular experiment can be represented as hav- 
ing occurred at the average temperature prevailing during the experiment. 
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TABLE II 


DATA PERTAINING TO THE APPARENT PHOTOSYNTHESIS IN ONE TERMINAL STEM SEGMENT OF 
BLACK PINE HAVING 297 LEAVES WITH A VOLUME OF 12 ML. AND A FRESH WEIGHT 
or 11.6 @mM. THE MINIMUM TEMPERATURE OF THE PRECEDING NIGHT 
IS GIVEN UNDER NIGHT 











APPARENT PHOTOSYNTHESIS 











TEMPERATURE LIGHT IN MG. CO, PER HR. PER 
DATE GIVEN UNIT OF LEAVES 
1943 [=nRSEE Eee —_—_—— 
NIGHT EXPERIMENT pret katy TOTAL 10 ML. 10 GM. 
°C, 207" mq. mg. | mg. 
1/4 — 6.7 - 5.5 to -—3.9 10.0 1.3 3.6 3.7 
1/5 —14.4 —- 8.2 to —4.4 10.0 6.6 5.5 5.7 
1/12 — 10.0 - 7.2 to -—5.5 10.0 §.7 4.8 4.9 
1/13 — 16.7 -—12.0 to —8.2 4 to 10 0.0 0.0 0.0 
1/26 -17.8 -—10.5 to -—6.0 8.4 3.2 2.7 2.8 
2/11 — 15.6 -10.5 to -—7.2 7.0 — 0.7 — 0.6 — 0.6 
3/3 —19.4 —- 9.4 to -—5.5 10.0 -—1.2 -1.0 -—1.0 
3/5 —- 8.3 —- 4.4 to -—2.2 2.8 1.4 1.2 1.2 
3/22 - 44 | 2.8 to 5.6 10.0 8.4 7.0 7.2 
3/31 12.2 | 24.0 10.0 1.2 1.0 1.0 





On the other hand, the data do justify certain general conclusions relative 
to the carbohydrate economy of some conifers during winter months. 
Although these experiments were not designed for the purpose of finding 
the minimal temperature of photosynthesis, it is obvious that the data do not 
lend any support to the conclusions of JUMELLE that photosynthesis may oc- 
eur in spruce at — 40° C. and at a much lower temperature than respiration. 
In fact the data indicate that respiration at least exceeds photosynthesis in 
the conifers considered when the temperature remains at —6° C. or lower. 


TABLE III 


DATA PERTAINING TO THE APPARENT PHOTOSYNTHESIS IN A GROUP OF TERMINAL STEM SEG- 
MENTS OF BLACK SPRUCE HAVING NUMEROUS LEAVES WITH A VOLUME OF 25.5 ML. 
AND A FRESH WEIGHT OF 24.7 GM. THE MINIMUM TEMPERATURE OF THE 
PRECEDING NIGHT IS GIVEN UNDER NIGHT 
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TEMPERATURE LIGHT IN MG. CO, PER HR. PER 
DATE GIVEN UNIT OF LEAVES 
1943 -|— e a 
NIGHT EXPERIMENT L000 wh TOTAL 10 ML. 10 @M. 
CANDLES 

o¢. C. mg. mg. mg. 
1/4 — 6.7 —- 5.5 to -—3.9 10.0 3.8 1.5 1.5 
1/5 — 14.4 — 8.2 to —4.4 10.0 15.6 6.1 6.3 
1/12 — 10.0 — 7.2 to —5.5 10.0 9.0 3.6 3.6 
1/13 — 16.7 -12.0 to -—8.2 4 to 10 —3.2 —1.3 -1.3 
1/26 -—17.8 —10.5 to —6.0 8.4 4.0 1.6 1.6 
2/11 — 15.6 -10.5 to -—7.2 7.0 —2.] 0.8 —0.9 
3/3 — 19.4 —- 9.4 to -—5.5 10.0 1.7 — 0.7 — 0.7 
3/5 —- 8.3 — 4.4 to -2.2 2.8 2.2 0.8 0.9 
3/22 — 4.4 2.8 to 5.6 10.0 5.8 2.3 2.3 
3/31 12.2 24.0 10.0 3.0 1.4 1.4 
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This does not necessarily mean that photosynthesis was not taking place at 
these low temperatures, but it gives some confirmation to the conclusions 
of Ewart and others with respect to several conifers, and of MATTHAEI with 
reference to cherry laurel, that respiration continues at a lower temperature 
than does photosynthesis. 

The data in this report do not support the findings by Ewart that certain 
conifers after exposure to low temperatures during January are unable 
to carry on assimilation even when exposed to a temperature at 15° C. until 
a lapse of time of from two to eight hours. Moreover, the results presented 
in this paper give no indication that pine and spruce in this region practically 
lose their capacity to carry on photosynthesis during midwinter as reported 
by Ivanov and Orwova for Leningrad. 


TABLE IV 
SUMMARY OF THE DATA FROM TABLES I, IIT, AND IIT ARRANGED IN ORDER, WITH RESPECT 
TO TEMPERATURE, FROM LOW TO HIGH 





APPARENT PHOTOSYNTHESIS IN MG. CO, 
DATE LIGHT PER HR. PER 10 ML. OF LEAVES 
1943 TEMPERATURE 1000 FooT 

CANDLES ScoTcH BLACK | BLACK 

PINE SPUCE PINE 

C. mq. mg. md. 

1/13 -12.0 to —8.2 4 to 10 = 0.7 —-1.3 0.0 
2/11 -—10.5 to —7.2 7.0 —1.8 —0.8 — 0.6 
/26 - 10.5 to —6.0 8.4 4.0 1.6 2.7 
3/3 — 9.4 to —5.5 10.0 — 0.7 — 0.7 -1.0 
1/12 —- 7.2 to —5.5 10.0 23 3.5 4. 
1/5 — 8.2 to —4. 10.0 2.7 6.1 5.5 
1/4 | = §.5 to —3.9 10.0 1.1 LS 3.6 
3/5 —- 4.4 to -—2.2 2.8 0.0 0.9 1.2 
3/22 28 to 5.6 10.0 2.7 2.3 7.0 
3/31 | 24.0 10.0 0.0 1.4 1.0 





‘ 


From table IV it is evident that when the air was colder than —6° C. 
throughout the course of the experiments, January 13 and February 11, 
apparent photosynthesis was negative; while with one exception, on March 
3, when the air temperatures rose to — 6° C. or warmer during the experimen- 
tal period apparent photosynthesis was positive. It seems safe to conclude, 
for the conifers considered in this investigation, that photosynthesis may 
more than compensate for respiration during many winter days in tliis 
region when air temperatures are above approximately —6° C. That photo- 
synthesis can occur in some conifers at temperatures a few degrees below 
freezing is in accord with the results obtained by ZAcHAROWA, IVANov and 
ORLOVA, and PRINTZ. 

There are some seeming discrepancies in the data which are probably 
more apparent than real. For example (table IV), on January 12 and 
March 3 when the temperatures during the experiments were almost the 
same, positive results were obtained upon one date and negative results on 


the other. The explanation no doubt depends upon the unknown factors 
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involved in this lapse of time. With such factors other than temperature 
in mind the data are fairly consistent. 


Summary 


Field experiments on the apparent photosynthesis of three species of 
conifers during the winter months were performed. The species used were 
Picea mariana, Pinus sylvestris, and Pinus nigra var. austriaca. 

From the data the following conclusions are justified for this region. 
These conifers do not lose their capacity for carrying on photosynthesis dur- 
ing mid-winter. Apparent photosynthesis may be positive at air tempera- 
tures above approximately —6° C. Respiration apparently occurs at a lower 
temperature than does photosynthesis. 

NORTHWESTERN UNIVERSITY 

EVANSTON, ILLINOIS 
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HAIR SPROUT OF POTATOES' 


R. B. Harkvey, A. REICHENBERG, BERNICE LEHNER, 
AND P. C. Hamm 


(WITH FOUR PLATES) 


Introduction 


Hair sprout of potato tubers is only sporadic in its occurrence in Minne- 
sota potatoes. In most years it is not prominent but in the crop of 1938 the 
frequency was sufficiently important to decrease the value of potatoes for 
seed purposes. The hair sprout condition does not decrease the value of 
table stock, in fact from common experience hair sprout tubers keep better 
in storage than normal tubers, and there is no discoloration detectable. The 
opinion of growers is that it appears especially during years in which the 
yield is very high. It is most prominent in Bliss Triumph, being greater in 
late than in early strains, and White Rose, with less occurrence in Chippewa, 
Warba, Green Mountain, and Burbank Russet. Accurate data on occur- 
rence and varietal susceptibility are not available, because it is sporadic, 
unpredictable from field conditions or plant appearance, and has not been 
possible of artificial production. 


Anatomical distribution of hair sprouts on tubers 


Hair sprout is characterized by the early sprouting of affected tubers, 
that seem to have only a short or no rest period. The tubers under the usual 
conditions of storage at about 65° F. for curing after digging, sprout at 
once. The hair sprouts are generally less than 2 mm., frequently 1 mm., in 
diameter. They grow rapidly and frequently produce small tubers 1 to 2 
em. in diameter, immediately appressed to the mother tuber, or on a short 
stolon one to several centimeters in length, or on side branches several inches 
long (plate I, fig. 1; plate III, fig. 1; plate IV, fig. 2). The comparative 
growth under the same conditions in darkness is shown in plate I, figure 1. 
The hair sprouts show abnormal response to the stimulus of gravity, grow- 
ing in all directions from first growth when stem weakness is not the cause 
of orientation. The sprouts continue to grow under favorable conditions, 
in darkness to 6 to 8 ft. long with branching and rudimentary leaves, but 
maintaining a diameter essentially the same as at first sprouting. They 
seem unable to grow radially, and maintain a uniform diameter, like nor- 
mal stolons underground, but of smaller diameter than stolons. In their 
diameter, gravitational response, and tuber formation, they resemble stolons 
more than stems. Some of the early sprouting buds produce rapidly grow- 
ing shoots of a diameter intermediate between normal and extreme hair 
sprouts (plate III, fig. 3; plate IV, figs. 1 and 3). The early sprouting 

1 Published by permission of the director of the Minnesota Agricultural Experiment 
Station as Journal Series Paper no, 2112. 
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serves to differentiate these from normal sprouts. These intermediates have 
less tendency to tuber formation than the extreme hair sprouts. It is a 
common opinion among potato growers that the tip eyes produce hair sprout 
more frequently than side eyes, but this may be due to the observation being 
dependent upon the earlier sprouting of the most dominant eye at the apex 
of the tuber. In plate IV, figure 2, a normal sprout is shown emerging from 
a bud of the apical eye, with hair sprout tubers and sprouts from lateral eyes. 

On the same tuber normal, intermediate, and extreme hair sprouts may 
appear, or any combination of these (plates III and IV) or all of the eyes 
may produce intermediate or extreme hair sprout (plate III, fig. 1). A line 
of demarcation between hair sprout and normal eyes may be indicated in 
some tubers; it may be spiral lengthwise of the tuber; or only one end, tip 
or basal, or only one side, may show hair sprouts. 

When tubers are desprouted, the new sprouts are always hair sprout 
from the abnormal eyes, and normal from normal eyes, the secondary buds 
always producing the same type of sprout, as long as there are buds to pro- 
duce sprouts. Hence the condition seems to be common to all buds in one 
eye. No exceptions to this have been seen. Tubers were kept in storage for 
over a year without variation: from this behavior, although they were de- 
sprouted many times. 

If healthy (plate I, fig. 2, 2), and hair sprouts (plate I, fig. 2, 1) are 
grown in continuous artificial light of intensity sufficient to cause the pro- 
duction of chlorophyll, but insufficient to prevent root formation, the hair 
sprouts stretch up more rapidly than normal sprouts. They respond to the 
direction of incidence of light but the stems are weak. More roots are 
formed on normal than on hair sprouts. When planted in soil in pots in the 
greenhouse hair sprouts (plate I, fig. 3, 1) grow spindling with leaves resem-- 
bling those produced from potato seeds. They are positively phototropic 
but fall over from stem weakness after a few inches of growth, whereas 
normal shoots of the same age and under the same conditions are erect 
(plate I, fig. 2,2). Hair sprout plants were grown in the greenhouse and 
produced small tubers that on replanting produced normal plants. Hair 
sprouts were grown in light and rooted and then the mother tubers were 
removed. The shoots retained the small diameter of hair sprout plants but 
produced tubers from which normal plants were grown. This indicates that 
the condition is not due to physiological correlation induced by the mother 
tuber, but is inherent in the shoot, but disappears after tuber formation. 
In plate ITI, figure 1, however, a small tuber appressed to the mother tuber 
is shown still producing numerous hair sprouts from the buds of the small 
tuber. This may be an indication of short distance hormone or virus trans- 
mission of the hair sprout, that does not affect tubers grown at greater 
distances. 

Grafting experiments 


To test the possible hormonal or virus nature of the hair sprout condition, 
Bliss Triumph hair sprouts (plate II, fig. 1, 4) were grown in pots in the 
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greenhouse. Ten successful grafts of hair sprout scions on normal stocks 
were obtained. Two of these are pictured in plate II, figure 1 (2 and 3). 
Although the hair sprout scions on normal stock grew more than hair sprouts 
on their own roots, the spindling stems are still noticeable, and of smaller 
diameter than normal (plate II, fig. 1, 1) Bliss Triumph on its own roots. 

By inarching a hair sprout plant (plate IJ, fig. 2, 1) on a normal Bliss 
Triumph (plate II, fig. 2, 2) each part of the graft retained its original 
characteristics, although the inarching aided the growth of the hair sprout 
top above the union, but did not change the diameter or leaf form below the 
union. 

Eight successful grafts of normal Bliss Triumph on hair sprout were 
obtained, one of which is shown in plate II, figure 2, 3. The two sections of 
this graft maintained their original characteristics of diameter and leaf 
form, the heavy normal top requiring support, but obtaining its water and 
soil nutrients through the hair sprout section. This difference in stem 
diameter was maintained for three months after grafting. 

A graft of hair sprout Bliss Triumph scion on normal stock is shown in 
plate II, figure 2, 4, made at the same time as the previous reciprocal graft, 
with a second normal shoot (plate II, fig. 2, 5) growing from the mother 
tuber. Each maintained its individual characteristics. 

From these data it is indicated that the hair sprout condition is not 
capable of transmission through grafting, as one might expect it to be, if 
the condition is hormonal in nature. If the condition is virus-like in nature, 
such virus must be not easily transmitted through grafting or inareching 


of the plant tops. The normal, or the hair sprout condition is not affected 
either by normal scion receiving its water and soil nutrients through a hair 
sprout stock, or.the reciprocal of this. Likewise the passage of photo- 
synthate from the scion to the stock does not change the condition. 


GRAFTING OF POTATO EYES INTO TUBERS 


Since it was indicated by experiment and observation, that the hair 
sprout condition occurs in all of the buds of a potato eye, if it has been 
demonstrated by one bud, and since it was indicated that the hair sprout 
condition could be produced on small tubers growing directly out of the 
mother tuber, reciprocal eye grafting was undertaken. The surface of 
tubers of Bliss Triumph known to be normal or hair sprout in particular 
eyes by the growth of shoots from them, was sterilized. The ‘‘saturated’’ 
chlorinated lime solution made according to directions on the container was 
diluted to 0.5 per cent. and the tubers immersed in this for 1} hours. A tan- 
gential slice was taken from the side of the bud with a safety razor, and the 
cut and razor sterilized in the sterilizant. A second tangential incision was 
made by the razor } inch below the bud. Then with a sterilized sharp cork 
borer the bud was cut out from the tuber, dipped into the sterilizant, and 
inserted into the hole from which a similar bud had been removed for the 
reciprocal transfer. The tubers were then set to sprout in covered, steril- 
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ized crystallizing dishes on moist filter paper. Sufficient successful sterile 
transfers were obtained to give good growth of the buds thereafter, the 
transferred bud forming firm union with the mother tuber. Infected trans- 
fers were discarded. The sprouts that grew from these eye grafts main- 
tained their characteristics after the reciprocal grafts, hair sprouts remained 
of small diameter, and normal shoots of normal diameter. This indicates 
that the hair sprout condition is characteristic of the bud and that it cannot 
be transmitted from the tuber to normal buds or corrected in hair sprout 
buds by reciprocal bud grafting in which all the shoot growth occurs in the 
presence of the normal mother tuber with which it has made a growth union. 


Growth stimulation experiments 


Ethylene is a common plant emanation and affects the sprouting of 
potatoes and the geotropic responses of stems, both of which seem, in hair 
sprout tubers, to be abnormal. The early sprouting, and lateral geotropic 
growth response of shoots of hair sprout tubers has been mentioned previ- 
ously. Tubers of the White Rose variety, both normal and hair sprout, were 
treated in a sealed moist chamber of 8.2 cu. ft. capacity with ethylene 1 part 
per 1000 parts of air at 65° F., renewing the concentration each day by 
aeration and reestablishment to 1: 1000 until sprouting occurred. Although 
the rest period of hair sprout tubers is short, it was found that sprouting 
was hastened by this ethylene treatment. Thereafter, on removing from the 
ethylene chamber, hair sprout eyes produced hair sprouts, and normal eyes 
produced normal sprouts. Such ethylene treatment neither produces the 
condition, nor corrects it. The treatment, however, may be of slight advan- 
tage in obtaining early information on the incidence of hair sprout in tubers 
immediately after digging. In similar treatments at proper concentrations . 
of ethylene chlorhydrin and tetrachlorethylene, no change in the hair sprout 
condition was found. A proper count of hair sprout eyes on tubers can be 
made after any of these stimulating treatments. 

It has already been noted that hair sprouts produce poor rooting, both 
in number of roots and the rate of root extension (plate I, fig. 1, 1 and 2). 
Soaking sterilized eyes in l-ounce pieces of cut tubers before sprouting in 
water solutions of KMnQ,, varying from 1 per cent. down to 0.015 per cent., 
gave somewhat thicker stems and increased considerably the number and 
length of roots formed, with the optimum at 0.25 per cent. Thiamine hydro- 
chloride 0.001 and 0.0001 per cent. did not increase the number or length of 
roots or the thickness of shoots formed from the hair sprout tubers. These 
were grown in darkness at 24° C. Subsequent growth in soil in the green- 
house did not correct the tendency to produce spindling stems. 

Seed pieces of Bliss Triumph both with normal and with hair sprout eyes 
were sterilized as above and placed with the cut surface down in sterile Petri 
dishes lined with filter paper, which was moistened with 10 ml. of indole-3- 
propionic acid 6.45 mg. per liter. No roots were formed after 14 days, and 
stems were less than 2 mm. in diameter, although having small tubers and 
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stems 3 to 5 inches long. Normal pieces gave numerous long roots and 
2-in. x #-in. stems with no tubers. 

After treatment of cut seed pieces with Auxilin the shoots from hair 
sprout Bliss Triumph tubers grown in peat still tended to be more spindling 
than normal untreated tubers. 

Application of borax (10°/M solution) to peat in which hair sprout 
Bliss Triumph tubers were grown, did not correct the hair sprout condition. 


Chemical composition of potato tubers in relation to hair sprout? 


Bliss Triumph and White Rose varieties of potato tubers having hair 
sprouts were used, with checks from the same field. Those that produced 
hair sprout, and normal tubers, were selected by allowing the sprouts to 
appear, then paired tubers were selected of the same size from these lots. 
In some instances, tubers were used which showed various degrees of thick- 
ness of the sprouts, and three classes were established: extreme hair sprout; 
intermediate hair sprout; and normal. The tubers from the field were kept 
under the same storage conditions of temperature and time, first at 20° C. 
(68° F.) to allow sprouts to appear and make the classification, then part 
were put at low, and at intermediate storage temperature to note the effect 
of the storage temperature on the composition of the tubers. <A lot of White 
Rose divided into lots of equal pairs of both normal, and hair sprout tubers, 
were placed in storage, one at + 2° C. (35.6° F.) and the other at +8° C. 
(46.4° F.). The tubers were stored for 4 days to allow the carbohydrates 
to come to equilibrium, because it is known that the temperature of storage 
affects the sugar content. Pentosans, total nitrogen, and pentoses, on a 
dry weight basis, were determined on paired Bliss Triumph tubers after 20° 
C. (68° F.) storage (table I). Dry weight, reducing and total sugar, and 
starch, were determined on White Rose tubers both after storage at 20° C. 
(68° F.) (table II), and after storage at lower temperature (table III). 

For analysis the potato samples were washed and scrubbed clean. They 
were then sliced thin, directly into 80 per cent. aleohol containing sufficient 
CaCO, to neutralize acids. An aliquot of each sample was taken for dry 
weight and total nitrogen determinations. Dry weight was determined 
by heating in a vacuum oven at 60° C. to constant weight. Sugars were 
determined by the Munson-Walker gravimetric procedure, starch by the 
acid hydrolySis method, using HCl (sp. gr. 1.125), and nitrogen by the 
usual Kjeldahl method, using 30 ml. of H.SO, and 5 gm. K.SO,. 

Analyses reported in table I indicate that there is no considerable differ- 
ence between hair sprout and normal Bliss Triumph tubers in total nitrogen, 
pentosans, or pentoses, on the dry weight basis. Further uniform material 
on this variety was not available for further determinations. 

White Rose tubers (table II), in which selection of the tubers was 
divided into normal, intermediate, and extreme hair sprout tubers, showed 


2 Assistance in the preparation of these materials was furnished by the personnel of 
the Work Projects Administration, Official Project no. 65-1-71-140. Sponsored by the 
University of Minnesota, 1940. 
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ANALYSES OF NORMAL AND HAIR SPROUT BLISS TRIUMPH TUBERS (DRY WT. BASIS) 








NUMBER 
OF 
TUBERS 


10 


10 





TABLE I 
PERCENTAGE 
TUBER TYPE TOTAL 
N.(+ NO,) 
% 
Hair sprout 
Aver. 1.99 
Sx ..... 0.26 
P.E. 0.18 
Normal 
Aver. 2.09 
Sx . 0.38 
PE. . 0.26 

















PERCENTAGE 
PENTOSANS 


3.81 
0.62 


0.42 


3.31 
0.73 


0.49 


PERCENTAGE 
PENTOSES 


% 
4.41 


0.75 
0.51 


3.84 
0.83 
0.56 


a considerable increase in the content of both reducing and total sugars, as 


the hair sprout condition increased in severity. 


The tubers selected as 


normal, showed no hair sprouts from any eyes, those called intermediate 
showed sprouts with diameters intermediate between normal and extreme 


hair sprout, and may have been nearly normal for some sprouts. 


For the 


extreme hair sprout sample, only tubers with all extremely thin sprouts 


from all eyes were taken. 


The intermediate group may be between the 


normal and the extreme group because the whole tuber was intermediate 
in its reactions, or because individual portions of the tubers varied in their 
sugar content according to the influence of each eye on the composition of 


the portion of the tuber surrounding it. 


In the discussion of the morphology 


of the distribution of hair sprout over the tuber it is shown that each eye 
on a tuber may be different from its fellows, and shows either all normal 


TABLE II 


ANALYSES OF NORMAL AND HAIR SPROUT WHITE ROSE TUBERS 





NUMBER | 
or | 


~ 





| PERCENTAGE 


PERCENTAGE 


TUBER TYPE DRY REDUCING TOTAL 
WEIGHT SUGAR SUGAR 
% % % 
Normal 
Aver. 22.73 2.82 4.11 
Sx 2.85 0.61 0.64 
P.E. 1.92 0.41 0.43 
Intermediate 
hair sprout 
Aver. 20.55 5.44 / 
Sx 2.81 1.39 1.75 
P.E. 1.90 0.93 1.18 
Extreme 
hair sprout 
Aver. 17.19 8.65 10.60 
Sx 2.65 2.61 2.86 
P.E. 1.79 1.76 1.93 


PERCENTAGE | 


PERCENTAGE 
STARCH 


58.17 
4.94 
3.33 


60.12 
6.00 
4.04 
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or all hair sprouts from the primary and secondary buds in the eye. It may 
be postulated, since the growth processes of each eye are individual, that the 
metabolic processes there are individual. The separation between normal 
sprouts and intermediate sprouts is more difficult than between normal and 
hair sprout eyes. The basis of selection into the intermediate group was the 
precociously early sprouting of the eyes and the rapid growth of the shoots 
therefrom, a growth indicating that the tendency to early sprouting was 
present in the eyes of this group, but that the growth produced was thicker 
than in extreme hair sprout, thinner than in normal tubers. 

The average range for dry weight from 22.73 per cent. for normal, 
20.55 per cent. for intermediate, to 17.19 per cent. for extreme hair sprout 


TABLE III 


ANALYSES OF NORMAL AND HAIR SPROUT WHITE ROSE TUBERS (DRY WT. BASIS) 




















oem al “- — — ee ae 
NUMBER PERCENTAGE | PERCENTAGE Bs Seo 
OF TUBER TYPE REDUCING TOTAL ais es om 
TUBERS SUGAR SUGAR 3 
SS Ee named i . 53 + — - van 
%o % % 
5 Normal +2°C. 
Aver. 1.35 2.85 66.26 
Sx .. 0.41 0.36 3.45 
P23. . 0.27 0.24 2.33 
| 
5 Hair sprout +2°C. | 
Aver. 2.38 7.4 60.83 
Sx . 0.85 3.9 5.02 
P.E. .. 0.57 2.63 3.39 
5 Normal +8°C. | 
Aver. 0.49 1.09 64.3 
Sx . 0.29 0.32 4.85 
PE. . 0.20 0.22 3.27 
5 | Hair sprout +8°C. 
| Aver. 2.8 6.14 65.03 
| Sx ... 1.61 1.92 7.31 
| a = 1.09 1.29 4.93 





indicates that the hair sprout condition is associated with a tendency to 
hold more water in the tuber. The range of total sugars from 4.1 per cent. 
for normal, to 7.14 per cent. for intermediate, to 10.6 per cent. for extreme 
hair sprout suggests that the greater water content is associated with greater 
amounts of osmotically active substances. The experience expressed by 
growers who have extensively observed the behavior of healthy and hair 
sprout tubers in long time storage is that those that show extreme hair sprout 
do not shrink as rapidly as normal tubers. It is claimed that selection of 
turgid hair sprout tubers can be made in the spring. The tendency of hair 
sprout tubers to sprout early should lead to earlier loss of water unless the 
storage temperature is kept low enough to prevent sprouting. 

The tendency to produce hair sprouts is maintained throughout the 
life of the tuber, and is as marked in June after winter storage as in Septem- 
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ber immediately after digging, if the tubers are placed at growing tem- 
peratures. 

Because it is clearly proven by the work of several investigators that the 
sugar content of potato tubers is dependent upon the storage temperature, 
and sugars greatly increase at temperatures just above (+ 2° C.) the freezing 
point, but not at + 8° C., the effect of the storage temperature on both normal 
and extreme hair sprout tubers was studied. Table III shows the analysis 
of tubers that were paired for size, and separated into normal and extreme 
hair sprout after storage at 20° C. They were then placed at 2° C. and 
at 8° C. for four days, a time deemed sufficiently long to allow the conversion 
of starch to sugar at + 2° C. but not long enough to allow the differences in 
rate of respiration to overbalance the conversion effect of the temperature. 
At 2° C. the reducing and total sugars on a dry weight basis in extreme hair 
sprout tubers, are approximately double the percentage in normal tubers. 
At 8° C. storage, the reducing and total sugars in hair sprout, are approxi- 
mately 6 times as great as in normal tubers. The higher sugar content of 
the hair sprout tubers is not due to the differential effect of storage tempera- 
ture on the two types of tubers, but to inherent differences in behavior. 


‘ Summary 


There was no large difference between normal and hair sprout tubers 
in the total nitrogen, pentoses, or pentosans on a dry weight basis of Bliss 
Triumph potatoes. 

There was a consistently greater percentage of reducing and total sugars, 
and a decrease of percentage dry weight in hair sprout tubers, over normal 
tubers of White Rose potatoes. The differences in sugar content are main- 
tained at high, and at low storage temperatures. There was no consistent 
trend in the percentages of starch. 


THE MINNESOTA AGRICULTURAL EXPERIMENT STATION 
St. PauL, MINNESOTA 
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PLATE I 





PLATE I 
Fig. 1. Upper, 1, 2, 3, hair sprout; 4, normal tuber; sprouted in darkness, 
Fig. 2. Middle, 1, hair sprout; 2, normal tuber; sprouted in light. 
Fig. 3. Lower, 1, hair sprout; 2, normal plant. 
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PLATE II 





Fig. 1. Upper, 1, normal; 2 and 3, hair sprout scion on normal stock; 4, hair sprout. 
Fig. 2. Lower, 1, hair sprout inarched on 2; normal; 3, normal scion on hair sprout 


stock; 4, hair sprout scion on normal stock ; with 5, normal shoot. 
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PLATE ITI 
Fig. 1. Extreme hair sprout with small tubers on sprouts, and one tuber attached to 
mother tuber, producing hair sprouts. 
Fic. 2. Intermediate hair sprouts in center portion of tuber normal at tip and base. 
Fic. 3. Extreme hair sprout at tip end, intermediate hair sprout at basal end. 
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PLATE IV 
Fig. 1. Intermediate hair sprouts at tip, normal at base. 
Fia. 


2. Normal sprout from tip, hair sprout tubers from three eyes. 
Fig. 3. Extreme hair sprout from two eyes, others normal. 




















RELATION BETWEEN ELECTRICAL AND CURVATURE 
RESPONSES IN THE AVENA COLEOPTILE TO 
MECHANICAL STIMULI 


A. R. SCHRANK 
(WITH FIVE FIGURES) 


Introduction 


When an Avena coleoptile is placed in the horizontal position, it grows 
away from the center of the earth. This bending is the result of unequal 
rates of elongation of the upper and lower sides of the plant, and is com- 
monly explained on the basis of the familiar CHoLODNY-WENT theory of 
plant curvature responses (3, 19). 

The early work of Bose (2) and, in recent years, the experiments of 
Brauner (4, 5, 6) and BrauNEerR and AMLONG (7) have demonstrated that 
the under side of various plant stems becomes electropositive to the upper 
side when these stems are placed in the horizontal position. WiuxKs and LuNp 
(20) have performed preliminary experiments which show that the under 
side of a horizontally placed Avena coleoptile also becomes positive to the 
upper side. It has been conclusively confirmed (17), not only that the 
under side of the coleoptile becomes positive to the upper side, but that the 
entire internal electrical correlation pattern (12) changes when the position 
of the living coleoptile is changed from vertical to horizontal. 

Frequent observations have shown that mechanical stimulation of a seg- 
ment of living tissue causes that segment to become electronegative to un- 
stimulated regions. This has been proved to be the case for the electrically 
polar growth axis in the Douglas Fir (13), in the root of Alliwm cepa (14), 
and Chara vulgaris (8). Certain observations of Bosr (1) and Orpe.i and 
Bri‘cKe (15) might be considered exceptions to this phenomenon. 

The growth response to mechanical stimulus, which was first studied in 
tendrils is also rather widely distributed in etiolated seedlings and other 
stems. StTarK (18) was able to induce curvature in the Avena coleoptile 
and other plants by stroking one side of the plant with a cork rod. The 
stimulated side became the concave side. More extensive references are 
cited by STARK. 

The experiments herein reported are intended to show, in a semi-quanti- 
tative way, how mechanical stimulation affects the transverse electrical 
polarity, the growth curvature, and their sequence relationships in the 
Avena coleoptile while in the upright and in the horizontal positions. 


Apparatus 


The apparatus rests on a tripod ring stand R. The working portion of 


the apparatus hangs on rod A which serves as the axis of rotation. The 
rectangular beam I is a bushing for axle A, and fastens the whole apparatus 
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to the top of ring stand R. The base of the manipulator B is fastened to the 


L-shaped piece Q, which is screwed on to the axle A. 
Each manipulator consists of a tripod with the base P. 


Each tripod P 


rests on three conical points: namely, screws M and N and the fixed point Y. 
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Fie. 1. Experimental apparatus—description in text. 


On the under side of the base P there are three machined, inverted cones into 


which the conical points M, N, and Y fit. 


The base P is held on top of the 


three conical points by a strong spring Z, which is inserted into a hole drilled 
through P and B and held in position by the pins as indicated in the figure. 
The upright portion of the manipulator U is screwed to the base P. 
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The forward or backward movement of contact K is accomplished by 
rotating the steel screw N, which is threaded into the base B with about 40 
threads per inch. In the same manner the lateral movement of contact K is 
produced by turning the screw M. Spring Z makes all of these movements 
positive in action. With these manipulators it is possible to control very 
precisely the position of the electrode contacts K. All of the apparatus is so 
arranged that a horizontal microscope can be placed in front of the coleoptile 
and contacts. . 

The contacts K can be moved up and down by the thumb serew L, which 
is machine fitted into a saddle, as indicated in figure 1. The guide G is 
fastened to the top of the screw X, and slides by means of the indicated 
sleeve on the rod V, so as to keep the upper portion of the manipulator from 
rotating when the thumb screw L is turned. The screws X are extended by 
attached glass tubes which provide electrical insulation and support for the 
cup-contact arrangement. 

The contacts K are removable and are held in position by means of short 
pieces of rubber sleeve fastened to the glass tubes that are fused to the 
electrode cups C. (These small rubber sleeves are shown as bulges in the 
tubing next to the coleoptile in the inset at the top of figure 1.) The details 
of the swinging cups are clarified in the inset on the left side of figure 1. 
The glass tubes are ground so that the combination of tubes a cemented to 
serves as a socket for the combination of tubes e cemented toh. This ground 
joint is water tight when greased with a trace of vaseline and is held together 
by a small rubber band. 

The other side arm of the cup C is connected by means of a small rubber 
tube F to the nozzle of a 1-ml. glass syringe S held in position by a bakelite 
clamp. The indicated screw arrangement at the top of the plunger along 
with the spring around the plunger make it possible to add or remove solu- 
tion from the swinging cup. This permits a very delicate control of the size 
of the droplet of water between the electrode contact K and the tissue 
surface. 

The coleoptile holder H was constructed out of a 1-ml. syringe. The 
syringe was cut off so as to leave a sleeve about 3 cm. long, and one end of 
the plunger was ground off. This open plunger serves as a coleoptile holder 
that will remain in any desired position and as a reservoir for the solution 
in which to submerge the roots. 

Electrodes E are fastened into the cups C with rubber stoppers. The 
wires W, held in position by the bakelite clamp J, are carefully insulated and 
electrically shielded. T is a thermometer, and O is a coleoptile. 

The portion of the apparatus that is suspended from the axle A can be 
rotated through 90° and can be held in this position by the pin in the piece I 
and the holes in the brass dise D. This dise D is fixed to the distal end of 
the axle A. The inset at the top of figure 1 shows the coleoptile in the hori- 
zontal position. It should be noted that the electrodes and cups are still in 
the vertical position. 
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This apparatus makes possible the changing of the Avena coleoptile from 
the vertical to the horizontal position without any detectable mechanical 
stimulation of the coleoptile and without changing the position of the 
electrodes (17). 


Methods 


All experiments were performed in a dark room under a neon light. The 
lighting element of this lamp consisted of a 6-foot, S-shaped grid of ruby 
glass tubing filled with neon. A visual spectroscopic analysis with a Hilger 
spectrometer indicated that no light below 6074 A is detectable from this 
lamp. Control experiments also showed that this light would induce no 
‘*phototropic’’ responses. No means of controlling temperature was em- 
ployed, but the variation was never greater than + 0.25° C. during one 
experiment. 

Pure line samples of Avena sativa (Victory Strain, C.1. 2020), which 
were obtained from the U. 8S. Department of Agriculture,’ were used in all 
experiments. The seeds were husked, soaked, sprouted, and transplanted to 
individual containers in the usual manner. The seedlings were kept in the 
dark except for the sprouting period, during which they were kept under 
red light to inhibit the growth of the first internode. Only plants between 
30 and 35 millimeters in length were used. 

The electrical measurements were made with a direct current vacuum 
tube voltmeter with a bridge type circuit. This instrument was properly 
shielded and so adjusted that 1 millivolt gave a deflection of 1 millimeter on 
the scale. Readings were taken every minute, and the electrical zero of the 
instrument was kept constant by an occasional slight adjustment. Zine-zine 
sulphate electrodes that were never more than + 0.5 millivolts from iso- 
electric were used. SHIVE’s solution in tap water was used as the contact . 
medium. 

All of the coleoptiles were allowed to rest in the experimental apparatus 
for 30 minutes before the experiments were started. In all instances only 
the apical 10 millimeters were mechanically stimulated, and the stimuli were 
applied at intervals of 5 minutes. These mechanical stimuli were applied 
by two methods. In some experiments one side of the coleoptile was simply 
tapped lightly with a celluloid ruler, whereas in the other experiments an 
electrically controlled vibrator was used. This electrical vibrator was eon- 
structed from a commercial door buzzer. A piece of celluloid ruler, divided 
into millimeters, was glued te the vibrator to serve as the contacting surface. 
The buzzer vibrated about 180 times per second and had an amplitude of less 
than 1 millimeter. The spark gap was covered with heavy black paper so 
that no light was emitted. A plant that was stimulated with this device 
simply received a series of light taps in rapid succession. Each stimulus 
consisted of a 5-second application of the vibrator. 

1 Appreciation is expressed to Dr. T. R. STANTON of the U. S. Department of Agri- 
culture. 
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All of the experiments, unless otherwise specified, were of the same dura- 
tion: namely, 75 minutes. The coleoptile curvatures at the end of this time 
were recorded by tracing the shadow of the coleoptile on millimeter graph 
paper. 

Results 

For the electrical studies only point contacts were used, and they were 
always placed on opposite sides of the coleoptile on the short transverse axis 
2 millimeters below the apex. The inset shows the length and the curvature 
of the coleoptile at the end of the experiment. Each contact is lettered with 
a lower case letter and each E.M.F. curve with the corresponding pair of 
letters. The first letter on the E.M.F. curves always indicates the variable 
contact, whereas the second letter always denotes the earthed contact. 


COLEOPTILES IN THE VERTICAL POSITION 


Preliminary experiments have shown that mechanical stimulation of the 
apical 10 millimeters on one side of a coleoptile in the vertical position causes 
the coleoptile to bend toward the stimulated side. Out of 70 plants used in 
experiments of this kind, only one failed to respond with a curvature toward 
the stimulated side. These results are in agreement with those published 
by Stark (18). 

The effect of mechanical stimulation on the transverse electrical polarity 
of a typical intact coleoptile is shown in figure 2A. During the first 10 
minutes of the experiment the coleoptile was left undisturbed. Contact 
region d remained slightly positive to contact region a. At the end of the 
first 10 minutes, the apical 10 millimeters of one side (d side) were stimu- 
lated for 5 seconds as in the previous curvature experiments. A similar 
stimulus was applied at intervals of 5 minutes throughout the rest of the 
experiment. Each application of the stimulus is represented by a small 
horizontal arrow below the zero millivolt line. (Length of the horizontal 
arrows does not represent the duration of the applied stimuli but indicates 
the stimulated side of the coleoptile with respect to the contacts.) The 
sequence of the experimental events was as follows: At the end of the fifth 
minute a reading was taken, the contacts removed, the stimulus applied, the 
contacts replaced, and another reading taken at the end of the sixth minute. 
The operation of removing the contacts, applying the stimulus, and remaking 
the contacts required slightly less than 1 minute. The mechanical stimuli 
were applied during a fraction of each of the time periods indicated by 
dotted lines on the graphs. During these time periods continuous readings 
of the potential changes could not be made, but it is very likely that the 
stimulated region undergoes rather extensive and rapid electrical changes. 
The graph in figure 2A clearly indicates that the stimulated side is caused 
to become and remain negative to the unstimulated side and that each sue- 
cessive stimulus tends to increase and maintain the negativity of the stimu- 


lated region. This is exactly what should be expected, when the experi- 
ments of Marsu (14), Lunn (13), and Brown (8) are recalled. In 7 out of 
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8 identical experiments performed, the stimulated side remained an average 
of about 15 millivolts negative to the unstimulated side. The results of the 
eighth experiment, the only exception, are shown in figure 2B. The me- 
chanical stimuli did not maintain the stimulated side negative to the un- 
stimulated side throughout the experiment. This indicates that the internal 
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Fig. 2. Changes in transverse E.M.F.’s in intact coleoptiles when the apical 10 milli- 
meters of one side are mechanically stimulated every 5 minutes. Horizontal arrows indi- 
cate the application of the stimuli. Insets show plant curvatures at the end of experi- 
ments. Arrow labeled S in the inset denotes stimulated side. 


opposed radial electrical polarities exhibit independent fluctuating magni- 
tudes (17). Another fact of possible significance in this experiment is that 
the induced curvature was not nearly as pronounced as in the 2A experi- 
ments. This is indicated by a comparison of the magnitudes of the curva- 
tures of the coleoptiles in the insets of figures 2A and 2B. 
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COLEOPTILES IN THE HORIZONTAL POSITION 


Figure 3 shows the curvatures of intact coleoptiles that were kept in the 
horizontal position for 75 minutes. The 5 control plants shown in row A 
were not stimulated during the experiment. The curvature exhibited by 
them can be considered normal geotropic curvature. The apical 10 milli- 
meters of the plants shown in row B were stimulated every 5 minutes on the 
upper side. (Arrows in fig. 3 labeled with an S indicate the stimulated side. 
The letter T denotes the top side.) Each stimulus was composed of a 
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Fig. 3. Lengths and actual curvatures of intact coleoptiles after 75 minutes in hori- 
zontal position. Upper sides of plants are designated by letter T; stimulated sides are 
indicated by arrows labeled 8. 

Row A: Plants were not stimulated mechanically. Curvature is normal upward eur- 
vature. 

Row B: Apical 10 millimeters of the upper sides were stimulated mechanically every 
5 minutes. 

Row C: Apical 10 millimeters of the under sides were stimulated mechanically every 
5 minutes. 

Row D: Same plants shown in row C after an additional 75 minutes in horizontal posi- 


tion without mechanical stimulation. Injury controls. 


5-second application of the electrical vibrator. The plants represented in 
row C were stimulated in the same manner as those in row B except that the 


stimuli were applied to the under sides. The coleoptiles in row D are the same 
plants that are shown in row C after they had been left in the horizontal 
position for an additional 75 minutes without mechanical stimulation. This 
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indicates that the plants were not injured. Out of 39 plants that were placed 
in the horizontal position and stimulated on the under side every 5 minutes, 
either with the vibrator or free hand tapping with a celluloid ruler, only 4 
showed a definite upward curvature. Experiments on 20 isolated sheaths 
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Fie. 4. A. Changes in transverse E.M.F.’s in an intact coleoptile when changed from 
vertical to horizontal position. Contacts 2 millimeters below apex. Arrow indicates be- 
ginning of upward curvature. B. Changes in transverse E.M.F.’s in an intact coleoptile 
when changed from vertical to horizontal position and apical 10 millimeters of upper side 
stimulated mechanically every 5 minutes. Vertical arrows indicate application of sitmuli. 
Contacts 2 millimeters below apex. Inset shows actual curvature at end of experiment. 


Arrow labeled S indicates side stimulated. 


indicated that their geotropic curvature can also be inhibited for 75 minutes 
by mechanical stimulation of the under side. 

The graph in figure 4A represents the change in transverse electrical 
polarity of an intact coleoptile when it is placed in the horizontal position. 
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The contacts were two millimeters below the apex. The graph shows that 
the under side, contact region d, becomes positive to the upper side, contact 
region a. Note that in normal geotropic curvature the concave side is also 
the negative side (17). 

It has been shown that when an oat coleoptile is placed in the horizontal 
position the under side becomes positive to the upper side before any geo- 
tropic curvature can be detected, and that the side of a coleoptile which has 
been mechanically stimulated also becomes negative to the unstimulated side 
before any curvature occurs. It has been further shown that it is the con- 
cave side that becomes electronegative to the convex side, when the coleoptile 
responds either to gravitational or mechanical stimulation. Hence it follows 
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Fig. Changes in transverse E.M.F.’s in an intact coleoptile when changed from 


vertical to horizontal position and apical 10 millimeters of under side stimulated mechani- 
cally every 5 minutes. Vertical arrows indicate application of stimuli. Contacts 2 milli- 
meters below apex. Inset A shows absence of curvature of plant at end of experiment. 
Inset B shows same plant after an additional 75 minutes in horizontal position without 
mechanical stimulation. Arrow labeled 8 indicates stimulated side. 


that mechanical stimulation not only induces curvature but also keeps the 
cancave side negative to the convex. In the light of these fundamental facts 
it becomes important to know just what happens to the transverse electrical 
polarity of a coleoptile that is placed in the horizontal position and stimu- 
lated mechanically on one side. An examination of figure 4B will reveal 
that when the upper side of the coleoptile is stimulated mechanically at 


intervals of 5 minutes, it becomes and remains electronegative to the under 
side. It will be recalled that the orientation of this transverse electrical! 
polarity is the same in this case as it is in the mechanically unstimulated one. 
Figure 4B shows one of twenty experiments in which some intact plants and 
some isolated sheaths were used. Some of these plants were stimulated with 
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the electrical vibrator and others were tapped free-hand with the celluloid 
ruler. In all instances only the apical 10 millimeters of the upper side were 
stimulated. All of the plants manifested an upward curvature (inset, fig. 
4B), and in every coleoptile the under side remained positive to the upper. 

It has previously been shown (fig. 3) that geotropic curvature of the oat 
coleoptile can be inhibited for 75 minutes by mechanically stimulating the 
under side at 5 minute intervals. The typical experiment recorded in 
figure 5 shows what happens to the transverse electrical polarity 2 milli- 
meters below the apex of a coleoptile that was placed in the horizontal posi- 
tion and given a mechanical stimulus on the under side every 5 minutes. 
Out of 26 plants, stimulated by either one of the two methods previously 
described, there was only one plant in which the under side did not remain 
negative to the upper side for the duration of the experiment. It is true 
that in many instances the under side remained only a few millivolts nega- 
tive to the upper side ; nevertheless, the transverse electrical polarity is main- 
tained opposite to the normal polarity in this position (see fig. 4A.) Dia- 
gram A in the inset of figure 5 shows the absence of the coleoptile curvature 
after 75 minutes in the horizontal position when the under side is mechani- 
cally stimulated every 5 minutes. Diagram B, in the same inset, shows the 
same coleoptile after an additional 75 minutes in the horizontal position 
without mechanical stimulation. This, as well as the fact that stimulation 
of the upper side does not hinder geotropie curvature, is taken to further 
indicate that the plants were not injured by the applied mechanical stimuli. 


Discussion 


All of the plant tropisms are commonly explained in terms of the 
CHoLopNY- WENT theory, which has been stated by Went and THIMANN (19) — 
as follows: ‘‘Growth curvatures, whether induced by internal or by external 
factors, are due to an unequal distribution of auxin between the two sides of 
the curving organ. In the tropisms induced by light and gravity the 
unequal auxin distribution is brought about by a transverse polarization of 
the cells, which results in lateral transport of the auxin’’ (p. 157). 

The theory states that these tropisms are the results of unequal auxin 
distribution on the two sides of the plant which is brought about by a trans- 
verse ‘‘ polarization of the cells.’’ It is not assumed by this theory that the 
difference in auxin concentration on the two sides of the curving organ 
constitutes this transverse polarity, but is more probably a result of it. Evi- 
dently the problem of the origin of this polarity is therefore primary and 
fundamental to the understanding of the origin of hormone function. It 
has been shown by ScurANK and Lunp (17), so far as response to gravity is 
concerned, that the entire complicated internal electrical correlation pattern 
of the Avena coleoptile begins to change as soon as the coleoptile is placed in 
the horizontal position. These electrical changes can be demonstrated long 
before any difference in auxin concentration on the two sides of the curving 


organ has been found and long before any geotropic curvature can be 
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detected [see WENT and THIMANN (19), p. 159]. It has been suggested, 
though not conclusively demonstrated, by various investigators (3) that the 
transverse electrical polarity in the Avena coleoptile is responsible for the 
lateral transport of the auxin. Cu Lark (9, 10) concluded that an inverted 
electrical polarity induced by gravity has no effect on longitudinal auxin 
transport in eoleoptile sections. DuBuy and O.son (11) disagree with 
CLARK’s interpretation. They further maintain that an applied electrical 
potential affects protoplasmic streaming as well as longitudinal hormone 
transport. The fact that the changes in the electrical polarity of the cole- 
optile, when it is placed in the horizontal position, apparently precede the 
unequal auxin distribution, satisfies a necessary condition if the electrical 
polarity is to be considered responsible for the hormone transport. 

Stark (18) showed that growth responses to mechanical stimuli were 
rather widely distributed among etiolated seedlings other than tendrils. He 
demonstrated that the Avena coleoptile would bend toward the side that was 
mechanically stimulated. Our preliminary experiments are in agreement 
with STarRK’s observations. MaArsu (14), Lunp (13), and Brown (8) have 
definitely proved that a region in an electrically polar growth axis of living 
tissue that is mechanically stimulated becomes electronegative to adjoining 
non-stimulated electrically polar segments. The inherent and normally 
maintained electrical polarity of the stimulated segment is altered.? Refer- 
ence to figure 2 and to the fact that opposed radial electrical polarities exist 
in the sheath show that the Avena coleoptile is no exception. Application 
of the now well established ‘‘principle of summation of polarities’’ (16) 
makes evident how it is possible for the side that was mechanically stimu- 
lated to become negative to the side that was not stimulated. From the 
present experiments, it can simply be stated that mechanical stimulation of 
one side of the coleoptile in the vertical position is a correlated antecedent 
for two responses: (1) Immediately after stimulation, the coleoptile estab- 
lishes a definite transverse electrical polarity, probably by changing one of 
the opposed radial polarities in the sheath. (2) Mechanical stimulation of 
one side results in a curvature toward that side. Starx (18) indicated that 
there is a relationship between the intensity of the stimulus applied and the 
rate of the resulting curvature. It would be of fundamental value to know 
whether or not the magnitude of the induced electrical polarity is also 
dependent upon the intensity of the applied mechanical stimulus as has been 
shown to be true in other plants (13, 14). In this connection the data in 
figures 2A and 2B should be reconsidered. Obviously, the intensity of the 
mechanical stimulus used was well above the threshold of stimulation in the 
seven experiments similar to the one recorded in figure 2A. The experi- 
ment that was an exception to this generalization is shown in figure 2B. <A 


2 This inherent normally maintained electrical polarity of the stimulated segment may 
either be increased or decreased depending on the orientation of this polarity with respect 
to the orientation of the normal inherent electrical polarity of the entire section of the 
plant included between the contacts. 
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comparison of the graphs and insets in figures 2A and 2B shows two facts: 
(1) The transverse electrical polarity that was established in 2B was not as 
large in magnitude and was of shorter duration than in 2A. (2) The 
mechanically induced curvature in 2B was not nearly as large as it was in 2A. 
From these experiments it seems that both the degree of curvature and 
magnitude of transverse electrical polarity are directly dependent, as in 
other plants, upon the intensity of the mechanical stimulus applied. 

ScHRANK and Lunp (17) have established the fact that one of the 
responses of the Avena coleoptile to gravity as a stimulus is the establish- 
ment of a transverse electrical polarity. The orientation of this polarity 
with respect to subsequent curvature is the same as the orientation that is 
established by mechanical stimulation. In both instances the side toward 
which the plant curves, the coneave side, is the negative side. Plants in the 
horizontal position that have been mechanically stimulated on the upper side 
establish larger transverse electrical polarities than plants in the same posi- 
tion that have not been mechanically stimulated (compare figs. 4A and 4B). 
This indicates that gravitational and mechanical stimuli are what might 
be called approximately ‘‘additive,’’ so far as the electrical response is 
concerned. , 

Mechanical stimulation of the under side of the coleoptile in the hori- 
zontal position establishes an electrical polarity oriented oppositely to the 
polarity induced by gravity alone. In this case it appears that the two types 
of stimuli, which result in oppositely oriented responses, are approximately 
‘“‘subtractive.’’ The significant fact is that the same mechanical stimulation 
which was responsible for the establishment of the transverse electrical 
polarity also determines the observed inhibition of the normal upward eurva- 
ture due to gravity. 

If an induced electrical polarity is in any way an essential antecedent 
event in the mechanism of lateral transport of the plant hormones in the 
Avena coleoptile and this transport is not limited by some other regulatory 
factor, it should follow that: (1) Plants that have been mechanically stimu- 
lated on the upper side, so as to establish an electrical polarity larger in 
magnitude than the electrical polarity established by gravity alone, should 
curve upward more rapidly than plants that have not been mechanically 
stimulated. (The results shown in figure 3 should not be interpreted as 
contradictory to this prediction because only final curvatures rather than 
rates of curvature are shown. It should also be remembered that mechanical 
stimulation of a coleoptile actually pushes the plant in a direction opposite 
to growth curvature.) (2) Plants that have been mechanically stimulated 
on the under side, so that a definite reversed electrical polarity (opposite 
in orientation to the polarity induced by gravity alone) is established, should 
eurve downward. Preliminary experiments have indicated that both of 
these responses can be observed. Amplification of these experiments will be 
attempted later. 
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Summary 


1. An apparatus to place Avena coleoptiles in the horizontal position 
without mechanically stimulating them and without disturbing the vertical 
position of the electrodes is described. 

2. When the apical 10 millimeters of one side of the Avena coleoptile are 
mechanically stimulated at intervals of 5 minutes, the coleoptile bends 
toward the side that is stimulated. 

3. Similar mechanical stimulation changes the E.M.F. of the stimulated 
side so that it becomes electronegative to the unstimulated side at points 
2 millimeters below the apex. 

4. When the Avena coleoptile is placed in the horizontal position, the 
upper side becomes negative to the under side long before any geotropic 
curvature or difference in hormone concentration on the two sides has been 
demonstrated. 

5. Mechanical stimulation of the apical 10 millimeters of the upper side 
of an Avena coleoptile does not prevent its normal geotropie curvature, but 
similar mechanical stimulation on the under side inhibits the upward curva- 
ture for at least 75 minutes without detectable injury to the plant. 

6. The transverse electrical polarity of the coleoptile in the horizontal 
position is also altered by mechanical stimulation of the apical 10 millimeters 
at intervals of 5 minutes. When the upper side of the coleoptile is stimu- 
lated, it becomes negative to the under side. The magnitude of this mechani- 
cally induced potential difference is greater than in the mechanically un- 
stimulated coleoptile in the horizontal position. When the under side of the 
coleoptile is mechanically stimulated, it becomes negative to the upper side. 
This induced transverse electrical polarity is opposite in orientation to the 
transverse electrical polarity induced in the coleoptile by gravity, and is 
associated with the inhibition of the curvature normally induced by gravity. 

7. These simple preliminary experiments suggest an intimate linkage 
between the promptly established transverse elctrical polarity and the subse- 
quent growth curvature in the coleoptile of Avena sativa. 


The author gratefully acknowledges the helpful advice and constructive 
criticism of Dr. E. J. Lunp. 
UNIVERSITY OF TEXAS 
AUSTIN, TEXAS 
LITERATURE CITED 
1. Bosz, J. C. Plant response. Longmans, Green and Co. London. 
1906. 

2. . Comparative electro-physiology. Longmans, Green and 





Co. London. 1907. 

3. BoysEN JENSEN, P. Growth hormones in plants. MeGraw-Hill Book 
Co., Ine. New York and London. 1936. 

4. Brauner, L. Uber das geoelektrische Phinomen. Kolloidehem. Beih. 
Ambronn Festschr. 23; 143-152. 1926. 











© 


10. 


11. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 








SCHRANK: ELECTRICAL CURVATURE RESPONSES 211 





Untersuchungen tiber das geoelektrische Phinomen. I. 

Jahrb. wiss. Bot. 66: 381-428. 1927. 

Untersuchungen itiber gas geoelektrische Phinomen. 

II. Membranstruktur und geoelektrischer Effekt. Jahrb. wiss. 

Bot. 68: 711-770. 1928. 

, and Amuone, H. U. Zur Theorie des geoelektrischen 
Effekts. Protoplasma 20: 279-292. 1933. 

Brown, Swney O. Relation between light and the electric polarity of 
Chara. Plant Physiol. 13: 713-736. 1938. 

CuarK, W.G. Electrical polarity and auxin transport. Plant Physiol. 
12: 409-440. 1937. 

Polar transport of auxin and electrical polarity in the 
eoleoptile of Avena. Plant Physiol. 12: 737-754. 1937. 

Du Buy, H. G., and Ouson, R. A. Protoplasmie streaming and 
dynamies of transport through living cells. Biodynamica 2: 9-18. 
1938. 

Lunp, E. J. Relation between continuous bioelectric currents and eell 
respiration. II. Jour. Exp. Zool. 51: 265-290. 1928. 

External polarity potentials in the apex of the Douglas 
Fir before and after mechanical stimulation. Plant Physiol. 6: 
507-517. 1931. 

Marsu, G. The effect of mechanical stimulation on the inherent E.M.F. 
of polar tissues. Protoplasma 11: 497-520. 1930. 

OrBELI, L. A., and E. Tu. v. Briicke. Die Aktionsstrome der Ureter- 
muskulatur wihrend des Ablaufes spontaner Wellen. Pfliig. Arch. 
133: 341-364. 1910. 

Roseng, H. F. Proof of the principle of summation of cell E.M.F.’s. _ 
Plant Physiol. 10: 209-224. 1935. 

Scurank, A. R., and Lunn, E. J. Effects of gravity on the electrical 
correlation pattern in the coleoptile of Avena sativa. University 
of Texas Press. 

Stark, P. Experimentelle Untersuchungen tiber das Wesen und die 
Verbreitung der Kontaktreizbarkeit. Jahrb. wiss. Bot. 57: 189- 
320. 1916. 

WEnt, F. W., and Turmann, K. V. Phytohormones. The Maemillan 
Co. New York. 1937. 

Wirks, 8. 8., and Lunn, E. J. The electrodynamics of the coleoptile 
of Avena sativa. University of Texas Press. 























SOME CHEMICAL REACTIONS OF SULPHUR DIOXIDE AFTER 
ABSORPTION BY ALFALFA AND SUGAR BEETS' 


MoyveEeR D. THOMAS, RUSSEL H.HENDRICKS, AND GEO. R. HIuu 
(WITH TWO FIGURES ) 


Introduction 


When sulphur dioxide enters the intercellular space of a leaf it encoun- 
ters moist surfaces upon which, on account of its great solubility in water, 
it is readily absorbed, forming, presumably in the first instance, sulphurous 
acid. The latter appears to be neutralized as it enters the cells by the inor- 
ganic and organic bases in the cells or it may unite with aldehydes to form 
addition products. Subsequently there is oxidation to sulphate. The rate 
of this oxidation is indicated by the fact that sulphur dioxide has been recov- 
ered from the leaf tissue by acid distillation for several hours after a severe 
fumigation (3). In fumigations with low concentrations of sulphur dioxide 
the oxidation to sulphate evidently occurs about as rapidly as absorption 
because in this case sulphur dioxide cannot be recovered by acid distillation. 
A small part of the sulphite or sulphate may be reduced and incorporated 
into organie sulphur compounds such as cystine and methionine, and others. 
Formation of cystine and methionine would suggest the enrichment of the 
protein with sulphur. 

In this paper evidence is submitted regarding first, the neutralization 
reactions and second, the production of organic sulphur compounds. The 
work is based on long-continued, low-concentration fumigations of alfalfa in 
which acute leaf injury was largely avoided. Some data are also ineluded for 
sugar beets similarly treated. In some of the experiments, the fumigations 
were continued until the older leaves had accumulated sulphate to the limit 
of their capacity and had become chlorotic. Additional evidence regarding 
the production of organic sulphur compounds, obtained by the use of radio- 
active sulphur as a tracer element, is reported in the following paper (5 


Experimentation 


EFFECT OF ABSORPTION OF SULPHUR DIOXIDE ON THE BUFFER CAPACITY 
OF THE LEAVES 

In 1935-1936 an extensive series of experiments was carried out at Logan. 
Utah, on the fumigation of alfalfa with sulphur dioxide. These experiments 
have already been deseribed in part (8). As one phase of this investigation 
a chemical study of the leaf tissue was undertaken, for the purpose of deter- 
mining the disposition of the sulphur dioxide after absorption. Total sulphur 
analyses of these plots were published earlier (8) and a sulphur fraetiona- 
Effect of Prolonged Low Concen- 


1 This is the fifth of a series of papers on ‘‘ TI 


trations of Sulphur Dioxide Upon Plants.*’ 
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tion is presented later in this paper (tables II and III). It is of interest to 
know how the plants reacted to the acidity of these relatively large quantities 
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electrode, of well-macerated leaf tissue from an unfumigated plot and a plot fumigated 
with sulphur dioxide. 


In many earlier experiments the pH of juice expressed from fresh 
leaves—usually after freezing—has been determined on samples taken imme- 
diately before and immediately after a fumigation with sulphur dioxide. 
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With alfalfa the maximum decrease observed was 0.3 pH unit, though with 
dahlias, a decrease of 1.0 pH unit has been observed. When injury did not 
occur there was little or no change of pH. This was definitely true in the 
long-continued, low-concentration fumigation experiments. 

It was realized of course, that local concentrations of acid may have 
existed in the leaves even though the pH of the expressed juice was 
unchanged, but it was not feasible to study this matter. Instead, the buffer 
capacity of leaf tissue was investigated by making a number of electrometric 
titrations of well-macerated material, using an assembly of a glass electrode 
and Lindemann electrometer.* Typical results are presented in figure 1, 
which gives the titrations of the primary, secondary, and tertiary leaves for 
the unfumigated plot 5, and the corresponding fumigated plot 6 in 1935. 
Similar results were obtained for other pairs of plots. The values in figure 1 
have been corrected for the diluting effect of the titrating liquid. The initial 
pH of all the samples was 5.8 to 5.9. On the alkaline side, the buffer capacity 
was small and not appreciably affected by the fumigation treatment ; but on 
the acid side, the absorbed sulphur dioxide definitely reduced the buffer 
capacity. 

The titrations for plots 5 and 6 and also for plots 7 and 8, 1935, are 
analyzed in table I which gives the amounts of acid and their ratios required 
to cause certain changes of pH in the check and fumigated samples. Table I 
also gives the sulphur increment of the fumigated material as found by 
analysis (see table II) and the resulting calculated acidity ascribable to the 
absorbed sulphur dioxide. Finally these values are divided into the differ- 
ences between the titration values of fumigated and check samples to give 
the percentage of acidity accounted for by the titrations. 

The buffer capacity of the fumigated leaves ranged from 54 to 83 per 
cent. of the corresponding check leaves, according to the age of the leaves 
and the magnitude of the pH change considered. In the titration to pH 3 
the ratios of buffer capacity ranged from 67 to 83 per cent. In every case 
the secondary leaves had smaller ratios than the others, that is, the fumiga- 
tion effect was greatest in the secondary leaves. Only 10 to 15 per cent. of 
the acid added by the fumigation treatments aff>cted the titration to pH 5, 
but the titration to pH 3 accounted for 30 to 39 per cent. of the sulphur 
dioxide acidity in the case of the primary leaves, and 44 to 56 per cent. in 
the secondary and tertiary leaves. 

It is interesting to note that the older fumigated primary leaves, with 
larger increments of sulphur, showed less reduction of buffer capacity than 
the secondary leaves, which suggests that there was a slow reaction in the 
leaf tending to restore the buffer capacity. No adequate explanation of this 
reaction is available at this time. Some translocation of the sulphur occurred 
and change to organic sulphur took place to a very limited extent as is shown 
later. When the leaves were ashed, considerably more sulphate and less 

2 The authors are indebted to Messrs. D. PETerRson and G. F. Somers for making 
these titrations. 
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carbonate remained in the residue from the fumigated than from the unfumi- 
gated samples but the inorganic bases were present to about the same extent 
in the two. This suggests that neutralization was largely accomplished by 
the organic bases such as amino groups or other nitrogen compounds. 


THE SULPHUR FRACTIONATION 


In addition to investigating the neutralization reactions, the fractiona- 
tion of the leaf sulphur into a number of different types of compounds was 
undertaken. A critical study of the method of fractionating the sulphur is 
presented in detail elsewhere (4). A summary of the procedure follows: 

About 15 grams of freshly frozen material were ground in a mortar, then 
suspended in water and passed repeatedly through a laboratory homogenizer 
until a uniform suspension was obtained. Later the suspension was made in 
a Waring blendor without preliminary grinding. Aliquot portions were 
dried. Other aliquots were placed in a special digestion fiask with excess of 
a suspension of magnesium oxide and cadmium chloride or hydroxide and 
boiled gently under reflux for 2 to 4 days in an atmosphere of hydrogen. 
This treatment hydrolyzed sulphydry! or disulphide groups, associated with 
eystine and closely related compounds in the proteins, to hydrogen sulphide 
which was precipitated as cadmium sulphide. After slow acidification of 
the reaction mixture with hot dilute hydrochloric acid, the hydrogen sul- 
phide was swept out with hydrogen, collected in a zine acetate absorber, and 
determined colorimetrically as methylene blue. This fraction is often called 
‘*labile’’ or ‘‘eystine’’ sulphur. Methylene blue was formed by adding 15 ml. 
of 0.25 per cent. p-aminodimethy! aniline in 20 per cent. (volume) sulphuric 
acid, followed immediately by 2 ml. of 12 per cent. ferric alum—without ex- 
posing the mixture to the air. The bottle was swirled during addition of the 
alum. The blue solution was compared in a colorimeter with a stable cu- 
prammonium solution containing 0.60 per cent. hydrated copper sulphate and 
0.0024 per cent. potassium dichromate in 0.4 N ammonium hydroxide. Care- 
ful adjustment of the dichromate was necessary in order to secure the correct 
shade of color. This solution matched the methylene blue over a limited 
range and was equivalent to 0.34 mg. sulphide suiphur per 100 ml. Four di- 
gestions could be run simultaneously. Since the methylene blue solutions 
were not stable, duplicate analyses of the corresponding check and fumi- 
gated samples were made at the same time. 

The undissolved leaf material in the reaction flask was filtered off and 
analyzed for sulphur in the Parr bomb to give ‘‘acid insoluble organic sul- 
phur.’’ The filtrate was treated with barium chloride to remove the inorganic 
sulphate. The filtrate from the latter was made alkaline, evaporated to dry- 
ness in a large nickel crucible, and the residue was fused with sodium 
peroxide to destroy organic matter. The sulphate thus produced was deter- 
mined gravimetrically to give ‘‘soluble organic sulphur.”’ 

Subsequent study of this procedure (4) has shown that small amounts 
of sulphite and sulphate are produced from cystine by the mild alkaline 
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digestion, in addition to the sulphide; also the products of the reaction can 
be more conveniently and more accurately determined by iodometric titra- 
tion than by methylene blue. While the colorimetric labile sulphur values 
are doubtless somewhat low (about 10 per cent.), every effort was exerted to 
make them comparable, and reliable conclusions can probably be drawn 
from them. 

Table II gives a description of the samples and their respective histories ; 
also the total sulphur and sulphate sulphur of check and fumigated plots. 
The difference between sulphate and total sulphur in each case is assumed 
to be organic sulphur. The differences between the total sulphur values of 
check and fumigated plots represent sulphur dioxide absorption. Since these 
differences are only slightly greater than the differences between the corre- 
sponding sulphate values, it is apparent that the absorbed sulphur dioxide 
was largely converted into sulphate. In spite of the fact that the fumigated 
samples contained two to twelve times as much sulphate as their checks, they 
contained only slightly larger amounts of organic sulphur. These latter dif- 
ferences, though small, are highly significant statistically, by the test of 
FIsHER’s “‘t.’’ The organic sulphur values also covered a comparatively nar- 
row range (0.20 per cent. to 0.34 per cent.) in the different plots. Some of 
the older primary leaves had less organic sulphur than the younger leaves. 

In table III the organic sulphur fraction is divided into three parts: 
labile, acid soluble, and acid insoluble sulphur. In most cases the sum of 
these fractions agreed well with the organic sulphur in table I. The soluble 
fraction was usually larger than the other two, but the differences were not 
great. In general the fumigated leaves had more of each fraction than the 
check leaves. This was invariably true of the labile fraction. On the average, 
the insoluble and soluble fractions showed increases in the fumigated plots 
of 5 and 9 per cent., respectively, and the labile sulphur an increase of 
16 per cent. 

A statistical analysis of the differences between check and fumigated 
plots by the method of FisuHer’s ‘‘t,’’ has been made and the corresponding 
values of P are inserted in table III. The effect of the fumigation was highly 
significant statistically in the case of the labile sulphur and the total organic 
sulphur, but the significance was not so definite in the other two comparisons, 
especially in the insoluble organic fraction. It is evident that the fumiga- 
tions probably contributed some sulphur to all organic fractions, and cer- 
tainly contributed to the labile fraction, though the absolute amounts 
were small. 


LABILE SULPHUR IN THE 1939-41 ALFALFA EXPERIMENTS 


Labile sulphur analyses have been made on the leaves of all the crops of 
alfalfa grown in the sand culture experiments in 1939-40-41. These experi- 
ments have already been described in part (6, 7). The leaf samples were 
harvested and frozen as before. The 1939 and 1941 samples were analyzed 
soon after harvest, but the 1940 samples were not analyzed until 1942. The 
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jodometrie method was used. The data for 1939 are given in table IV and 


for 1940-41 in table V and figure 2. 


The tables also summarize the experi- 


mental treatments. When adequate amounts of sulphur were available for 
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Fig. 2. 





LOW SULPHUR 


Labile sulphur in alfalfa leaves grown in the sand culture experiments of 


1940-41, with two levels of concentration of the principal nutrients; four levels of sulphate 
concentration in the nutrient solution; and with and without fumigation with sulphur 


dioxide. 


the nutrition of the alfalfa, the amount of labile sulphur generally exceeded 
0.09 per cent. and the average amount was 0.130 per cent. in 1939, 0.098 per 
cent. in 1940, and 0.105 per cent. in 1941. These values are somewhat higher 
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than the 1935-36 values which were probably about 10 per cent. low, due to 
the method of analysis as already suggested. The 1940 figures are probably 
low also due to two years’ storage before analysis. 

When sulphate was deficient in the nutrient solution, the labile sulphur 
went down to a minimum value of 0.045 per cent. With few exceptions the 
fumigated crops had more labile sulphur than the corresponding check crops. 
These differences were small with adequate sulphur nutrition of the plants 
through the roots; but the differences were larger under conditions of sul- 
phur deficiency. Statistical significance is indicated for these differences in 
the case of the ‘‘medium sulphur, high pH’”’ and both ‘‘low sulphur’’ pairs 


TABLE VI 


LABILE SULPHUR IN THE LEAVES AND ROOTS OF 1943 SUGAR BEETS 





LABILE SULPHUR IN 


Iu 2N : LEAVES Roots 
; it: ttl S IN NUTRIENT er Bo 
CONCENTR: SOLUTION 

LEVEL 





CHECK F — P* | CHECK F — p* 
GATED GATED 
p-p.m. v/: % v/ % 
ee 18 0.094 0.100 0.0111 0.0108 
11 0.098 0.101 0.0110 0.0113 
Low 13 0.106 0.118 0.0109 0.0117 
11 0.102 0.101 0.0095 0.0099 
Ave. Lae, eee 0.100 0.105 0.17 0.0106 0.0109 0.29 
High 0.6 0.041 + 0.101 0.00947 0.0128 
0.065t 0.0093 f 
0.6 0.037 + 0.085 0.01107 0.0126 
0.059t 0.0102t 
Low 0.6 0.080 0.105 0.0089 0.0102 
0.5 0.079 0.095 0.0122 0.0131 
Ave. 0.065 0.097 0.02 0.0103 0.0122 0.04 


* Probability value from Fisher's “table of t.” 

+ Poor plants. 

t Fairly vigorous plants. 
of plots in 1939, and for all the 1940-41 pairs except ‘‘high’’ and ‘‘medium’”’ 
sulphur in the high nutrient. Nearly all the fumigated crops had normal 
amounts of labile sulphur. 

Table VI summarizes labile sulphur values for the leaves and roots of 
sugar beets in 1943. These experiments were carried out like the alfalfa ex- 
periments in 1939-40-41. Small seedlings were transplanted on Aug. 7 and 
Aug. 14. The ‘‘high nutrient’’ plots had solutions in which the proportions 
and concentrations of the principal constituents were those suggested by 
ARNoN aud HoaGguaANp (1). The ‘‘low nutrient’’ plots had similar solutions 
in which the concentration was 30 per cent. during the very early stages of 
growth, and later 10 per cent. of the ‘‘high nutrient’’ plots. ‘‘High sulphur”’ 
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indicates about 11 to 18 p.p.m. sulphate sulphur in the nutrient solution ; ‘‘low 
sulphur,’’ about 0.6 p.p.m. The fumigation treatment averaged 0.186 p.p.m. 
sulphur dioxide applied 5.2 hours daily on 60 days between August 19 and 
November 2. Eight plots comprised the experimental unit, and the experi- 
ment was duplicated on the other eight plots. Growth on most of the plots 
was quite uniform. On November Ist two representative leaves were taken 
from each plant, giving a composite plot sample of 50 leaves. These were cut 
into small pieces after removing the midrib, well mixed, and quickly frozen 
in tight containers. The ‘‘high nutrient, low sulphur’’ check plots exhibited 
very poor growth, indicating marked sulphur deficiency and lack of balance 
in the nutrient solution, but they each had a few plants that were much 
better than the rest. These were sampled separately. 

The root samples were prepared by carefully trimming off the leaves 
around the crown and running the beets through a pulping machine which 
very effectively broke up the tissue to a fine suspension. The pulp was well 
mixed and a sample was frozen in a tight bottle until used. One-hundred- 
gram portions of this material were analyzed for labile sulphur. 

The labile sulphur values for sugar beet leaves in table VI are about the 
same as for alfalfa leaves in table V, and the relationships between the treat- 
ments are quite similar for the two plants: that is, the sulphur-deficient 
leaves had appreciably smaller amounts of labile sulphur than those ade- 
quately supplied either from the nutrient solution or from sulphur dioxide, 
and the fumigation treatments raised the labile sulphur level of the deficient 
leaves nearly to normal. 

The roots had only about one-tenth as much labile sulphur as the leaves, 
but the general relationships to the treatments were similar in roots and 
leaves. The differences due to fumigation for both roots and leaves were 
statistically significant only in the low-sulphur pairs of plots. 

In the “‘high nutrient-low sulphur’’ unfumigated plots, the plants that 
made the best growth had more labile sulphur in the leaves (but not in the 
roots) than the poorer plants. It is of interest to note that these two check 
plots had poorer plants and lower labile sulphur values in the leaves than 
did the ‘‘low nutrient-low sulphur’’ plots, suggesting that sulphur deficiency 
is more serious with a high nutrient level than with a low level and indi- 
eating that the balance of the nutrients in a solution is important as well as 
the concentration. 

Finally it may be stated that the labile sulphur analyses in the sand eul- 


; 


tures confirm the earlier experiments in soil in showing that some of the 
absorbed sulphur dioxide is reduced and incorporated into eystine or closely 
related organic sulphur compounds. 


Summary 


A chemical study has been made of the alfalfa leaf samples obtained in 
the alfalfa fumigation experiments of 1935-36, and 1939-41, and also the 
1943 work with sugar beets. 
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1. The prolonged low concentration fumigations with sulphur dioxide 
did not change appreciably the pH of the expressed leaf juice. 

2. These treatments reduced appreciably the buffer capacity of the leaves 
as shown by electrometric titration. 

3. Organic bases in the leaf were probably principally responsible for 
the neutralization of the absorbed acid. 

4. The data suggest a slow restoration of the buffer capacity. 

5. The absorbed sulphur dioxide was changed principally to sulphate. 

6. A small amount of organic sulphur was produced including cystine 
or related ‘‘labile’’ sulphur compounds, and probably also other soluble and 
insoluble organic sulphur compounds. 

7. Labile sulphur was consistently higher in the fumigated plots of 
1935-36 than in the unfumigated plots. It was generally higher in the later 
work also. When the nutrient solution was deficient in sulphate, the fumi- 
gated leaves had considerably more labile sulphur than the unfumigated 
leaves. The differences between the labile sulphur values of the fumigated 
and unfumigated plots were small when the sulphur available to the roots 
was adequate. 

8. The roots of sugar beets had only about one-tenth the labile sulphur 
in the leaves, but showed differences due to the different sulphur treatments, 
similar to those shown by the leaves. 

9. The high nutrient-low sulphur unfumigated plots had very low labile 
sulphur values in the leaves both of alfalfa and of sugar beets—considerably 
lower in fact than the low nutrient-low sulphur plots, suggesting a lack of 
balance as well as deficiency in the former. 
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A STUDY OF THE SULPHUR METABOLISM OF WHEAT, BARLEY 
AND CORN USING RADIOACTIVE SULPHUR? 


Mover D. THOMAS, RUSSEL H. HENDRICKS, LOREN C. BRYNER, 
AND GEO. R. H1iuu 


(WITH TWO FIGURES) 


Radioactive sulphur (S*°) with its weak beta radiation of 0.120 M.E.V. 
and its long half-life of 87 to 88 days (6, 8) has desirable characteristics as 
a biological tracer, particularly since its activity can be readily measured 
after recovery as barium sulphate (6). Further, as will be shown in the 
following paper (5), excellent autographs of thin sections of plant material 
ean be made on photographic film. 

Seapore (9) and HAmiuton (3, 4) have reviewed the literature up to 
1941 on the use of radioactive elements as tracers in chemical and biological 
work. Radiosulphur in synthetic cystine, methionine, and thiamin as well as 
inorganic compounds, has been used in nutritional studies of animals (1, 10), 
but so far as is known, nutritional studies of plants using radiosulphur have 
not been reported. 

This paper describes experiments carried out in 1942 with radiosulphur 
furnished as barium sulphate*? by Dr. J. G. Haminron of the Radiation 
Laboratory, University of California. The sulphur* was added to vegetation 
growing in the large sand cultures (13) both as a soluble sulphate* in the 
nutrient solution and as sulphur* dioxide in the air. No radiosulphur was 
available during the 1943 season. 


Methods and results 


DESCRIPTION OF THE PLOTS 


Six plots of mixed wheat and barley were treated between June 6, and 
June 30, 1942, three with sodium sulphate*, and three with sulphur* dioxide. 
A similar treatment was applied to a pair of Bancross corn plots on Sept. 16 
to 18. The principal agronomic details of these plots are summarized in 
table I. Each of the wheat and barley plots had two rows of Federation 
spring wheat, one row of Velvon barley, and two rows of no. 54A—40 winter 
wheat supplied by the Utah Experiment Station. The winter wheat remained 
in the vegetative state until harvest, tillering continuously. The barley and 
spring wheat plants began to head out during the first week of June. They 
began to flower about the middle of June, and their lower leaves and beards 
began to dry up at the end of June. The barley was a few days ahead of the 
wheat in all these processes. Ripening was well advanced, particularly of 
the primary heads, by the middle of July and the plots were harvested 

1 This is the sixth of a series of papers on ‘‘The Effect of Prolonged Low Concen- 
trations of Sulphur Dioxide Upon Plants.’’ 

2 The asterisk following sulphur refers to active preparations containing sulphur of 


atomic weight 35. 
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between July 28 and 31. The roots were removed Aug. 13 to 15. Some of 
the plants produced new leaves after the harvest of the tops. The corn plots 
were planted on Aug. 18, and the plants were still small but growing rapidly 
when the radiosulphur treatment was applied. 

The wheat and barley plots used in the experiment were all supplied 
with sulphate-deficient nutrient solutions. In one pair of plots the pH of 
the nutrient solution was 6.8; in the other two pairs the pH was 5.8 to 6.1. 
Further, in one pair of plots the average general nutrient level was 12 per 
cent. and in the other two pairs it was 40 per cent. of HoaGLAND’s econcen- 
tration (7). In contrast to the wheat-barley plots, the corn was supplied 
with an adequate amount of sulphate in the nutrient solution. 

As a part of the experimental conditions to which the plots considered 
in this paper (as well as the remainder of the 16 which comprise the com- 
plete installation) were subjected, half of the wheat-barley plots were fumi- 
gated with inactive sulphur dioxide for 5 hours a day on 83 days between 
April 14 and July 28, or a total of 413 hours of fumigation. The average 
concentration was 0.044 p.p.m. Similarly, half the corn plots had fumiga- 
tions on 46 days between Sept. 3 and Oct. 29, for a total of 239 hours. 
The average concentration was 0.10 p.p.m. and the average daily duration 
5.2 hours. Fumigations were usually applied between 9:30 a.m. and 
2:30 p.m. Only fumigated plots were treated with sulphur* dioxide and 
only non-fumigated plots with sodium sulphate*. 

Analyses of the wheat and barley plants for total sulphur at harvest time 
are summarized in table II.* In view of previous experience with alfalfa (12) 
the increase of total sulphur due to fumigation with sulphur dioxide in these 
experiments was surprisingly small. In some parts of the plants the unfumi- 
gated material had a greater concentration of total sulphur than the corre- 
sponding fumigated material. Similar data for corn in table VI also shows 
only a small effect due to fumigation. Evidently absorption of sulphur 
dioxide is less rapid and translocation from the leaves more rapid in these 
crops than in alfalfa. The fumigated crops were larger than the correspond- 
ing unfumigated crops (table I). The total amount of sulphur in them was 
therefore considerably greater also. 


PREPARATION AND APPLICATION OF SODIUM SULPHATE* AND SULPHUR* DIOXIDE 


Part of the radioactive barium sulphate* was fused with a slight excess 
of sodium carbonate. All the activity was leached from the melt with water, 
giving a solution of sodium sulphate* of which aliquot portions were added 
to the nutrient solutions of the sand culture plots. The remainder of the 
barium sulphate* was heated at 900° to 1000° C. in an atmosphere of dry 
hydrogen (2). Most of the sulphate* was reduced to sulphide* but a small 
amount of hydrogen sulphide* was evolved which was received in 0.1N 
iodine dissolved in normal potassium iodide. When the reaction in the fur- 
nace was complete, the barium sulphide* was added to the iodine solution. 

3 The sulphur analyses in this paper were carried out by T. R. Couuier. 











230 PLANT PHYSIOLOGY 


The latter was warmed to coagulate the precipitated sulphur*, which was 
filtered off and heated at 115° C. in an autoclave to render it soluble in carbon 
disulphide. An aliquot portion of the carbon disulphide solution of sulphur* 
was evaporated in a small glass bulb attached to the intake tube of a 160-ml. 


TABLE II 


TOTAL SULPHUR IN THE WHEAT AND BARLEY PLANTS AT HARVEST 








FUMIGATED PLOTS UNFUMIGATED PLOTS 


SAMPLE gga ee —— 
B-4 A-3 B-3 | Av. B-2 | A-l B-1 Av. 
RENT. 2 Rh ea eee ‘ee * ( tf a tf ; 3 Py a ‘ 
sf Lf ¢ td c c c t 
SPRING WHEAT 
Primary? grain 0.20 | 0.17 | 0.19 | 0.183} 0.15 | 0.16 | 0.18 | 0.162 
Secondary grain....... 0.17 | 0.17 | 0.19 0.173 0.16 0.16 | 0.17 | 0.163 
Primary chaff........ 0.08 | 0.08 0.10 | 0.087 0.08 0.09 0.10 | 0.092 
Secondary chaff... 0.16 | 0.12) 0.22 0.168 0.16 | 0.10 | 0.25 | 0.172 
Primary straw 0.08 0.10 0.10 0.096) 0.06 0.10 0.15 | 0.102 
Secondary straw.... 0.11 | 0.11 | 0.24 | 0.152) 0.15 | 0.10 | 0.24 | 0.162 
Crowns 0.10 | 0.10 0.11 0.105) 0.13 | 0.15 | 0.11 | 0.128 
Roots...... 0.16, 0.16 | 0.16 | 0.160 ).17 0.19 | 0.20 | 0.185 
BARLEY 
Primary grain...... 0.14 | 0.13 | 0.13 | 0.136 | 0.13 | 0.13 | 0.13 | 0.130 
Secondary grain.... 0.16 | 0.15 | 0.16 | 0.157 0.15 | 0.13 | 0.16 | 0.147 
Tertiary grain....... 0.18 | 0.17 | 0.16 0.171 | 0.18 | 0.16 | 0.18 | 0.175 
Primary chaff........ 0.08 | 0.11 0.07 0.087 0.07. 0.10 | 0.09 | 0.088 
Secondary chaff... 0.07 | 0.12) 0.08 0.089 0.10 | 0.09 | 0.09 | 0.092 
Tertiary chaff.......... 0.12 | 0.13 0.16 0.139 0.13) 0.10) 0.16 0.131 
Primary straw 0.06 | 0.05 0.05 0.064 0.04 0.06 0.05 0.051 
Secondary straw.... , 0.07 0.09 0.07 0.078 0.06 0.05 | 0.05 | 0.052 
Tertiary straw.. 0.10 0.11 0.12 0.110) 0.07. 0.07. 0.11 | 0.083 
Quaternary straw 0.18 | 0.18 0.20 0.186 0.13 0.14) 0.16 | 0.145 
Crowns 0.12 | 0.10 | 0.13 0.116) 0.14 Lost | 0.13 | 0.135 
Roots... 0.16 | 0.23 0.18 | 0.192} 0.18 | 0.17 | 0.20 | 0.183 
WINTER WHEAT 

Senescent tf leaves.... 0.09 | 0.11 | 0.10 | 0.097 | 0.06 | 0.08 | 0.07 | 0.072 
Old leaves 0.09 | 0.15 0.11 0.116, 0.08 | 0.11 | 0.09 | 0.094 
Intermediate leaves 0.14 | 0.18 | 0.15 0.157) 0.09 | 0.14; 0.13 0.120 
Young leaves 0.16 | 0.19 | 0.18 | 0.177, 0.13 | 0.16 | 0.18 | 0.156 
Crowns 0.11 | 0.14 0.13 0.129 0.10 | 0.12 | 0.11 | 0.110 
Roots... 0.16 0.15 0.16 0.156 0.14 0.12 0.16 0.140 


+ “Primary,” ‘‘Secondary,”’ etc., refer to shoots of different ages. 

tf “Senescent,” ‘Old,’ etc., refer to leaves of different ages on the individual shoots 
mercury pipette. With air leaking slowly into the pipette, the tube connect- 
ing the pipette and bulb was heated gently with a flame and the bulb was 
heated gradually with another flame until the sulphur* was burned com- 
pletely. The mixture of sulphur* dioxide and air in the pipette could then 
be added at any desired rate to the air stream passing through the plant 
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chamber. Recovery of a considerable portion of the sulphur* dioxide not 
absorbed by the vegetation was accomplished by a special absorber attached 
to the outlet of the plant chamber. 

Table III gives the dosage of radiosulphur used in the experiments and 
recovered in the vegetation and solutions. Weights of the element were cal- 
culated on the assumption that, since the counter window absorbed 50 per 
cent. of the radiation (6), each count represented two atoms of S*°. The unit 
of radioactivity is the ‘‘curie,’’ defined as the radiation from one gram of 


TABLE III 


RADIOSULPHUR AS OF JULY 1, 1942, 
ADDED TO AND RECOVERED FROM THE PLOTS 


Weicut S* as 











CENTRATION le Fe 
S* In Nads*®O, S*O, 
wide — RECOVERED IN ree RECOVERED IN 
OT | aS stint ah AB- a tr 
NO. | TREAT-| Nv- ADDED SORBED 
aan | — é e. ADDED : a 
| MENT | TRIENT | 412 IN Nv- on IN Nv- 
Se lee oo 
TION LATED t TION 
| ere per micromicrograms micromicrograms 
billion-billion 
B-4 6-6 PS 0.5 84 44 30 0.7 
B-2 | 6-23 32 61 52 2.4 
A-3 6-22 | 0.4 S4 34 31 0.7 
A-1 6-23 32 61 49 1.3 
B-3 6-29 “= 0.6 &4 416 44 0.8 
B-1 6-30 32 61 50 1.4 
D-4 8-18 0.13 20 1477 0.1 1.3 
D-2 8-16 29 56 3.9 43. 


+ Approximate. 
tft 3.3 micromicrograms found in nutrient solution Sept. 21. 


radium and equal to 3.7 « 10*° disintegrations per second. The following 
relations were used : 
1 microcurie = 32.3 micromicrograms of S*° = 18,500 counts per second. 
1000 counts per second = 1.75 micromicrograms S*’. 
Since it was possible to measure with considerable assurance, activity in the 
prepared samples of less than 0.05 counts per second above background, the 
addition of less than three microcuries to the nutrient solution gave a fairly 
satisfactory experiment, though a larger dosage would have been useful, 
particularly in making radioautographs (5). The delicacy and utility of this 
new tool is illustrated forcefully in table ITI. 

The attenuation of the radiosulphur as applied in these experiments was 
very great. Its initial concentration in the nutrient solution was about 
32 parts per billion billion. About 80 per cent. of this addition was recovered 
in the sulphur deficient wheat and barley plants. Only 8 per cent. was 
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recovered in the ‘‘high sulphur’’ corn plants; most of the remainder was 
found in the nutrient solution. Evidently the active material was absorbed 
along with the inactive sulphur in accord with the demand of the vegetation 
for this element. Similarly the concentration of the S*°O. molecules was 
about 0.5 parts per billion billion parts of air. This was added along with 
about 0.1 p.p.m. of inactive sulphur dioxide to a much smaller-than-usual air 
stream passing through the cabinet. Approximate absorption values for 
sulphur dioxide were obtained by analysis of the air stream before and after 
contact with the vegetation (table 1). Assuming that the same fraction 
of the sulphur* dioxide as of the inactive compound was absorbed by the 
vegetation and walls of the cabinet, a large part of the activity so absorbed 
was recovered in the wheat and barley, but only 1 per cent. in the corn. 
The weather was cold and windy on Sept. 18, and the walls of the greenhouse 
were wet during the fumigation, causing a large absorption by the walls. 
This fact, together with the lower concentration of sulphur* dioxide, and 
the limited amount of vegetation, accounts for the small absorption by the 
latter. An appreciable part of the sulphur* absorbed by the chamber was 
found three days later in the nutrient solution. In all cases a small amount 
of activity was unaccounted for in the plants and solutions. Presumably 
there was some absorption by the sand. 


RECOVERY OF RADIOSULPHUR IN THE VEGETATION 


Starting shortly after the addition of the radiosulphur to the plots and 
continuing until harvest, samples of the vegetation were removed at intervals 
from the plant chambers for analysis. For the most part these samples were 
taken from the winter wheat, since more of this material was available than 
of the spring wheat and barley. A fairly complete series of corn leaf sam- 
ples was also taken. Ten to fifteen active wheat leaves of intermediate age, 
weighing 6 to 8 grams, or an equal weight of corn leaves were usually 
chosen. An effort was made to have the successive samples as nearly com- 
parable as possible. They were immediately ground up in a Waring blendor 
and subjected to mild alkaline digestion for labile sulphur analysis (11). 
After removal of the labile sulphur the reaction mixture was analyzed for 
sulphate, acid soluble organic, and acid insoluble organic sulphur. The labile 
sulphur came largely from cystine and closely related compounds; the acid 
soluble organic fraction probably contained methionine as an important 
constituent, but no definite information is available as to other organic 
sulphur compounds. 

At harvest the plants were divided into many parts so that the various 
plant structures could be treated separately. These samples were all ana- 
lyzed for total sulphur by the Parr bomb, and some of them—particularly 
the grain—were subjected to sulphur fractionation as well. 

All analyses were carried out gravimetrically and the barium sulphate* 
activity was determined in the Geiger-Miiller Counter, using 10-milligram 
aliquots of the precipitate (6). If a sample contained insufficient total sul- 
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phur* to yield 10 milligrams of barium sulphate*, a measured amount of 
sulphuric acid was added to the preparation before precipitation. The activ- 
ity values were corrected for decay by calculating them to July 1 for the 
wheat and barley, and to Sept. 25 for the corn, except in table IIT, in which 
both groups of plots are calculated to July 1. 

The question arose as to the possibility of exchange of radiosulphur atoms 
between the various compounds in the mixture, and an experiment was car- 
ried out in which a considerable amount of active sodium sulphate* was 
digested for three days with inactive leaf material. No activity was found in 
the labile fraction ; 2 per cent. was found in the insoluble organic ; 3 per cent. 
in the soluble organic; and 95 per cent. in the sulphate fraction. The possi- 
bility of slight interaction is therefore not excluded, though part of the 
activity found in the two organic fractions may have been due to insufficient 
washing of the insoluble residue or incomplete sulphate* precipitation from 
the filtrate, respectively. It seems unlikely that the interaction could have 
been large enough in any case to have modified appreciably the conclusions 
drawn from these experiments. TARVER and ScuMipr (10) found insignifi- 
cant exchange between elemental sulphur*, and cystine or cysteine. 


DISPOSITION OF THE ABSORBED SULPHUR* IN THE GROWING PLANTS 


Typical data showing the course of the sulphur reaction in the fresh leaf 
samples following additions of sodium sulphate* and sulphur* dioxide are 
presented in figure 1 for winter wheat (plots B-1 and B-3) and in figure 2 
for corn (plots D-2 and D-4). 

Absorption of the sodium sulphate* was rapid in the wheat. Maximum 
concentration in the leaves was found in plot B—1 in 8 days, but the corn 
plot D-2 required a longer tine. Analysis of the nutrient solution of plot B-1 
indicated the loss from it of 75 per cent. of the added activity in 8 days and 
94 per cent. in 16 days. The nutrient solution of the corn plot (D-2) still 
retained 77 per cent. of its initial activity after 42 days. Absorption of sul- 
phur* dioxide, on the other hand, all oceurred during the 2.5-hour fumiga- 
tion period and therefore the earliest samples of the leaves had the maximum 
concentrations. The differences in behavior between the wheat and the corn 
reflect principally the difference in sulphate content of the nutrient solu- 
tions since the wheat was growing under conditions of sulphur deficieney 
whereas the corn had an adequate supply of sulphur. Particularly it may be 
noted that the corn required a much longer time than the wheat for the 
concentration of active sulphur* absorbed from the nutrient solution to 
exceed that absorbed as sulphur* dioxide, even though the ratio of sodium 
sulphate* to sulphur* dioxide eventually absorbed by the corn plants was 
greater than in the wheat and barley. 

Figures 1 and 2 indicate that there was a rapid change of the absorbed 
sulphate* and sulphur* dioxide to organic forms. Within 5 hours in the 
wheat, and within 1 to 2 hours in the corn, appreciable quantities of organie 
sulphur* were found. Presumably still earlier samplings would also have 
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revealed this effect. In the wheat leaves, the organic sulphur* was approxi- 
mately equally divided between the three fractions, and only a very smal] 
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Fic. 1. Radiosulphur in the leaves of sulphur-deficient, vegetative winter wheat at 


various times after treating plots B-1 and B-—3 with sodium sulphate* and sulphur* 
dioxide, respectively. Fractionation of the sulphur* into sulphate* and 3 organic sulphur* 
fractions is shown. The roots are also analyzed. 


amount of sulphate* was present. The new leaves that grew in the period 
between harvest of the tops and the roots were similar in composition to 
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the earlier leaves. In the corn plot D4, sulphate* was the predominant con- 
stituent of the system for several days after the fumigation treatment. 
Thereafter its concentration was approximately equal to those of soluble 
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dioxide, respectively. Fractionation of the leaf sulphur* is shown. 


and insoluble organic sulphur*, and somewhat greater than the labile sul- 


phur*. 


In the sodium sulphate* treatment of corn, all four fractions were 


roughly equal, though in the later samplings the labile fraction was some- 


what smaller than the others. 
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DISTRIBUTION OF RADIOSULPHUR AT HARVEST 


Table IV summarizes ‘‘count’’ data for the various plant structures of 
spring wheat, barley, and winter wheat at harvest. Particularly striking 
is the fact that the grain samples showed much greater activity than the 
other parts of the plants: in some cases 4 to 8 times as much activity per 
gram of dry matter as the straw. The least active portions of the plants were 
the crowns and roots. In the two early fumigations, the primary grain had 
more sulphur* per gram than the secondary, but the reverse was true in 
plot B-3 which received its fumigation when the primary heads were well 
established. In the sodium sulphate* treated plots, as a result of the more 
protracted additions of sulphur*, the secondary heads acquired a greater 
concentration than the primary in nearly all cases. The differences were 
small in the spring wheat but rather large in the barley which, as pointed 
out earlier, developed and matured ahead of the wheat. The weight of the 
primary grain, however, was so much larger than that of the later growth 
that the greatest total activity was always found in the primary grain. In the 
straw samples, the largest concentrations of sulphur* were nearly always 
found in the youngest tissues. It is probable that translocation from this 
tissue had not proceeded so far as in the older culms. 

The distribution of the sulphur* in the winter wheat was fairly uniform 
except that there was considerably more activity in the tops than in the roots 
in all the treatments after the earliest one. The senescent leaves of the two 
earliest treatments had relatively more activity than those of the later treat- 
ments, indicating less absorption in the latter, due to the fact that the lower 
leaves began to dry up late in June. 

Another method of showing the distribution of the sulphur* in the wheat 
and barley is employed in table V, to indicate differences between grain, 
chaff, straw, and roots. The table gives the percentage of the total plant 
weight and the percentage of the total count in each fraction and also the 
ratio of the two percentages. Thus, in the grain, the relative activity per unit 
weight is considerably greater than unity; in the chaff, about unity; and in 
the straw and roots, considerably less than unity. Translocation of the 
activity to the grain is therefore clearly indicated, since of course, the orig- 
inal absorption was principally in the vegetative portions of the plants. 

The distribution of sulphur* in the corn plants, table VI, indicates that 
the greatest concentrations were found in the leaves and the lowest in the 
stalks and husks. These plants were still green at harvest and the ears were 
small and incompletely filled with kernels, due to incomplete fertilization in 
the rather calm atmosphere of the plant chambers. Evidently the ripening 
process did not advance sufficiently to induce appreciable translocation into 
the kernels. Neither the silks nor the tassels had as much sulphur* as 
the leaves. 

A combined distribution and fractionation study of the activity of spring 
wheat in plot B—1 one week before harvest and in plots B-1 and B-3 after 
harvest is summarized in table VII. In the ripening plant on July 22, the 
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TABLE VI 








DISTRIBUTION OF TOTAL SULPHUR AND RADIOSULPHUR IN CORN PLANTS AT 











Piotr D-4+ 
CouNT 
PORTIONS 
TESTED Dry TOTAL ‘ie 
WEIGHT | SULPHUR g 
gm. % 
Upper 3 leaves.. 38 0.41 1.1 
4th leaf.......... 21 0.34 1.7 
Leaves on ears 26 | 0.34 1.5 
Tassels.......... 23 0.24 1.1 
Silks........ ae 22 0.17 0.4 
Kernels 22 0.24 0.3 
Cobs ‘i 87 0.18 0.3 
Husks a 176 0.10 0.1 
Stalks............ 406 0.11 0.1 
Roots 98 0.34 0.5 
Total. 919 





t Treated with sulphur* dioxide on Sept. 


PER SECOND 


HARVEST ON OcToOBER 30, 1942 


Per GRAM TOTAL 


42 
36 
39 


Or 


v9 


26 


18 


41 


49 


292 


18. 


tt Treated with sodium sulphate* on Sept. 16. 


TABLE VII 


PLoT 


ToTaL | __ 
SULPHUR 
Per GRAM Tora. 


¢ 

0.33 
0.29 
0.28 
0.21 

0.17 
0.22 
0.14 
0.09 
0.10 


0.27 


D-27T 


Count 
PER SECOND 





3.3 106 
2.1 36 
2.3 75 
1.9 38 
1.5 30 
1.8 68 
1.6 226 
0.5 69 
0.9 360 
1.7 184 

1192 


DISTRIBUTION AND FRACTIONATION OF THE RADIOSULPHUR IN SPRING WHEAT 


DaTE 


PLoT TISSUE 


| TREAT- SAM- 





MENT PLING 
B-1 = June 30 | July 227 Heads 
é Leaves 
Sheaths 
Stems 


June 30 | July 3077 Primary grain 
ae 29 oe se “a 


June 30 July 307? Secondary grain 
B-3 “ 29 ™ “" . 


June 30 | July 3077 Primary straw 
B-3 ” ae si ™ ' 


June 30 | July 30t{ Secondary straw 
B-3 | “ 29 . " 


B-1 | June 30) July 307T Roots 
B-3 “ 29 - 


+ Fresh samples—partly green. 
tt Dried samples after final harvest. 


CouNtT 


ONE WEEK BEFORE HARVEST AND AT HARVEST 


RECOVERED AS 


AcID 
LABILE | SOLUBLE SOLUBLE 


ORGANIC ORGANIC 


S 


‘ 


20 
31 
36 


19 


$5 
40 


Q- 


16 


26 


24 


RADIOSULPHUR IN DIFFERENT PARTS OF PLANTS 


In- SuL- 

PHATE 
Ss 

Ss 

‘ J % 
30 17 
39 19 
26 29 
14 61 
8) 11 
9 7 
gy 13 
6 12 
20 36 
22 26 
31 21 
34 16 
50 8) 
51 10 
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concentration of labile sulphur* was greater in the heads than in the rest 
of the plant; the concentrations of the soluble and insoluble organic sul- 
phur* were greatest in the leaves and least in the stems; while the concentra- 
tion of sulphate* was greatest in the stems and least in the heads. In fact, 
60 per cent. of the total sulphur* in the stems was sulphate*. These rela- 
tionships suggest that the organic sulphur* in the leaves was changed to 
sulphate* in order to translocate it to the heads where it was converted back 
to organic combination. The labile (cystine) fraction was increased greatly 
as a result of this transfer. 

After harvest, the grain differed from the heads on July 22, principally 
in having less insoluble organic sulphur*. This was probably due in part 
to the fact that the heads of July 22 included the chaff, ete., which was high 
in the insoluble fraction. The straw still contained appreciable sulphate*, 
presumably in the stems, and was low in labile sulphur*. The roots were 
particularly high in insoluble organic sulphur*, and low in labile and sul- 
phate sulphur*. 

Table VIII presents the fractionation analyses of all grain samples from 
the spring wheat and barley. Labile and acid soluble organie sulphur* 
made up about 80 per cent. of the sulphur* in the spring wheat and about 
70 to 80 per cent. of that in the barley ; insoluble organic sulphur* accounted 
for 9 to 26 per cent. and sulphate* for only 3 to 13 per cent. There was some 
variability in the proportions of labile and soluble organie sulphur*, but it 
is not clear that any significance can be attached to the differences. Soluble 
organic sulphur was considerably higher than labile sulphur in all samples 
of plot B-4 which received the earliest treatment. The same relationship 
usually was found in the secondary wheat and tertiary barley but the reverse 
relationship characterized most of the other samples. 


Discussion 


It may be noted that the sodium sulphate* and sulphur* dioxide treat- 
ments usually gave similar results in corresponding plots. One striking fact 
is that nearly all the sulphate* values were low. This was not expected in 
the fumigated plots because they had extensive treatments with inactive 
sulphur dioxide throughout the growth period as already deseribed. In pre- 
vious work with alfalfa, fumigation treatments of this kind raised markedly 
the sulphur content of the vegetation and the increase was found to be-due 
largely to sulphate. In these grain plots it has been shown by analysis of 
the plant tissue (tables II and VI) that the total sulphur values of the fumi- 
gated and unfumigated plants were not appreciably different and accord- 
ingly there should be no appreciable difference between the sulphate* values 
of the sodium sulphate* and sulphur* dioxide treated plots due to the long 
fumigations with inactive sulphur dioxide. 

In the preceding paper (12) it was shown that the labile sulphur in the 
fumigated alfalfa leaves was generally higher than in the unfumigated leaves. 
The amount of the excess was greatest in the sulphur-deficient plots. Like- 
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wise there was a tendency for the soluble and insoluble organic matter to be 
higher in the fumigated than in the unfumigated plots, though the differ- 
ences were small and not highly significant statistically. The present study 
of grain with radiosulphur, indicates that all three organic sulphur fractions 
were definitely formed from sulphur dioxide. It may therefore be concluded 
from the analytical data for alfalfa in the preceding paper that—though the 
amounts were small—some sulphur dioxide was reduced to each of the organic 
sulphur fractions. The similarity in the behavior of the sulphur* from the 
two sources indicates that sulphur nutrition by sulphur dioxide follows 
approximately the same course chemically as nutrition by sulphate. 


Summary 


Mixed plots of wheat and barley growing in nutrient solution deficient 
in sulphate, and corn plants growing in nutrient solution adequately sup- 
plied with sulphur, were either treated with radioactive sodium sulphate* 
in the nutrient solution or were fumigated with active sulphur* dioxide. 

The results’with sulphur-deficient wheat and barley indicate : 

1. High initial absorption of sulphur* dioxide occurred in the leaves, 
followed by a lowering of the concentration as the sulphur* was distributed 
throughout the plant. 

2. There was rapid absorption of sodium sulphate* from the nutrient 
solution, to build up a maximum concentration in the leaves in about 8 to 
10 days, followed by steady lowering of the concentration as this sulphur* 
also was distributed. 

3. Concentration in the tops was greater than in the roots. 

4. Translocation to the grain of 60 to 80 per cent. of the sulphur* oceurred 
during ripening. 

5. Conversion of most of the sulphur* dioxide and sulphate* to organic 
forms occurred rapidly. 

6. In the leaves the acid soluble and acid insoluble organic fractions pre- 
dominated, but appreciable amounts of labile and sulphate sulphur* were 
also present ; in the other parts of the plant the predominating fractions were 
as follows: stems, sulphate; roots, the acid insoluble fraction; and kernels, 
the labile and acid soluble fraction. There was only a little of the acid insolu- 
ble fraction and sulphate* in the kernels. 

7. Evidently the organic sulphur* in the leaves was changed to sulphate 
for purposes of translocation ; then changed back again to organic forms in 
the roots and grain. In this transfer to the grain, the labile fraction was 
greatly increased. 

8. In corn, growing in a nutrient solution adequately supplied with sul- 
phate, absorption of active sulphate* was much slower than in the wheat 
and barley, growing in sulphate-deficient solution. 


9. Higher concentrations of sulphate* were generally present in the corn 
than in the wheat or barley. Sulphate* was a particularly important con- 
stituent of the corn leaves for several days after the sulphur* dioxide fumi- 
gation. 
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10. Greatest concentration of sulphur* was found in the leaves of corn: 
the least in the stalks and husks. The ripening process, however, was not far 
advanced at the end of the season, and the distribution at maturity could 
not be established. 


Grateful acknowledgment is made to the Brigham Young University 
for allowing Loren C. Bryner, Assistant Professor of Chemistry, to join 
our staff during the past two summers. 


DEPARTMENT OF AGRICULTURAL RESEARCH 
AMERICAN SMELTING AND REFINING COMPANY 
Sait Lake City, UTAH 
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RADIOAUTOGRAPHS SHOWING THE DISTRIBUTION 
OF SULPHUR* IN WHEAT" 


BERTRAND F. HARRISON, MOYER D. THOMAS, 
awe Gro. B. Hirt 


(WITH FIVE FIGURES ) 


The radioactive elements emit rays which are able to affect the photo- 
graphic plate and it is possible to determine by contact exposure the approxi- 
mate concentration-distribution of the element in fiat sections of plant or 
animal material, sometimes locating boundaries within a few microns. These 
exposures are called radioautographs (or more simply autographs). As the 
different elements vary over a wide range in regard to the nature and in- 
tensity of their radiation, the conditions for proper exposure of the plate 
vary correspondingly. HAMILTON states (7) that bombardment by 2 x 10° 
beta particles of at least 0.15 M.E.V. average energy per sq. cm.splate sur- 
face is necessary for production of a satisfactory image. X-ray film gives 
the most rapid results but if it is necessary to magnify the autograph consid- 
erably, the graininess of the film is objectionable and slower; fine-grained 
film should be used instead if possible. 

Radioautographs of animal structures have been prepared using phos- 
phorus* (12),? iodine* (8) and others. HamimTon, Souey, and Ercuorn (8) 
in a study of the iodine* content of goiter tissue, made paraffin sections of 
the tissue, removed the paraffin, and dipped the sections in a dilute solution 
of collodion which was allowed to dry. The sections were then placed in 
contact with the film separated only by a layer of collodion approximately 
one micron thick. ARNON, Stout, and Sreos (1) and also Cotweti (6)* 
have investigated translocation in plants, partly by means of autographs 
using radiophosphorus. The activity of radiophosphorus is so great that 
it is possible to obtain good autographs through several layers of paper after 
exposures as short as one hour.” Autographs employing sulphur* have not 
been found in the literature. Sulphur* radiation has only about one-four- 
teenth the energy of phosphorus* radiation and special precautions are 
necessary to avoid absorption of the former before it reaches the plate. Par- 
ticularly, it is necessary to place the film in close contact with the sections, 
with a minimum of intervening material which might absorb a portion of 
the emanating rays. 

This paper completes the observations described in the preceding paper 
(16) by submitting autographs to show the distribution of the sulphur* in 
the spring wheat. 


1 This is the seventh of a series of papers on ‘‘The Effect of Prolonged Low Concen- 
trations of Sulphur Dioxide on Plants.’’ 
2 The asterisk following the name of an element, signifies a radioactive preparation 


of that element. 
’ The writers are indebted to Dr. A. S. Crarts, University of California, for deserib- 
ing the COLWELL technique in advance of publication. 
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Methods 


Barley, winter wheat, and Federation spring wheat were grown in indi- 
vidual glass cabinets as described in the preceding paper (16). Only the 
spring wheat was considered in this investigation. As a means of tracing 
the movement of sulphur a quantity of radioactive sulphur was added to the 
total sulphur which was made available to the plants. The plants in each 
of three check plots were given 1.9 microcuries of radiosulphur as sodium 
sulphate*, added to the nutrient solution in plots B—2 and A-1 on June 23, 
and in plot B-1 on June 30, 1942. The plants had access to this radiosul- 
phur as long as any of it remained in the solution. A large part of the added 
sulphur* was recovered in the vegetation. 

The plants in the three corresponding fumigated plots B4, A-3, and B-3 
were given 2.6 microcuries of sulphur as sulphur* dioxide introduced into 
a slow air stream passing through the cabinets on June 6, June 22, and June 
29, respectively. The fumigation period was about 2.5 hours and about 1.0 
to 1.5 miecrocuries of sulphur* dioxide were absorbed by the vegetation in 
each plot. This 2.5-hour period represents the only time that the plants in 
these three plots had access to the radioactive sulphur. 

Beginning on July 9, samples of the plants were taken from each of the 
six plots. At this time the grain from the primary heads was in the dough 
stage. Tillers of average size and vigor were taken and the entire shoots 
eut into small sections and fixed in formalin-acetic-aleohol solution for sec- 
tioning. A number of sections, representing about a linear inch of leaf 
blade, sheath, or stem were placed in separate labelled vials to avoid sections 
becoming contaminated with soluble sulphur* from other parts of the plant. 
The grain was dissected out from the florets and the terminal end or a side 
cut away to aid penetration by the fixing solution. Bottles containing the 
sections were evacuated with suction to increase penetration. The plants 
from B—-3 and B-1 were fixed July 9-10, 10 days after sulphur* was given 
them ; those from A-—1 and A-—3 were fixed on July 11, 18 and 19 days after 
sulphur* was added; and those from B-2 and B+ were fixed July 13, 19 
and 37 days after the sulphur* was added. 


FREEZING MICROTOME SECTIONS 

Additional shoots were selected from each of the plots for seetioning by 
means of the freezing microtome. Cross-sections of the mid-portions 6f the 
blade and sheath of the first and third leaves from the top, first and third 
internodes from the top, some roots, and cross and longitudinal sections of 
the kernels were cut by this means. The tissues were frozen by means of 
expanding carbon dioxide, in water containing about 2 per cent. glycerin, 
and sectioned at 50 and 75 microns. The sections were floated out on water, 
from which they were removed and placed in rows on a 5- by 7-ineh glass 
plate. The sections were then covered over with a layer of aluminum leaf 
such as is used for signs and decorative purposes and is available at paint 


stores. This foil weighs about 0.2 mg. per sq. cm. An Eastman ultra-speed 
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X-ray film was placed over the foil and another glass plate was placed over 
the film. These were wrapped in tin foil and black paper and placed under 
a weight in a box. In a few cases the films during exposure were held at 
room temperature but in most cases they were placed in cold storage and 
held at about freezing. The films were developed after various intervals, 
ranging from two weeks to ten months. The autographs obtained were com- 
pared with the original sections. 


PARAFFIN SECTIONS 

The samples fixed in FAA solution were imbedded in paraffin by the ter- 
tiary butyl aleohol method. Sections were cut at 25 and 50 microns and 
mounted on slides. These included cross and longitudinal sections of sam- 
ples of the grain from each of six cabinets. In addition, cross-sections of 
four parts of the first leaf, the mid-portion of the blade of the second, third, 
and fourth leaves from the top, and three or four portions of the stem 
of shoots from plots B-3 (fumigated with S*O.) and B—1 (control given 
Na,S*O,) were cut. Fifteen slides of each sample were prepared. Three 
slides of each type of tissue were placed on a 3} x 4-in. lantern slide cover 
glass. Without removing the paraffin the sections were covered with alumi- 
num foil of about 0.8 micron thickness and a photographie film placed over 
this with the sensitized layer in contact with the foil. A layer of black 
paper and a second cover glass were placed over the film and the two glasses 
were bound firmly together with cellulose tape. Five or six different three- 
slide units were then placed in a lantern slide plate box. The boxes were 
placed in a gallon tin bucket with close-fitting friction top and held in a cold 
storage locker during exposure. 

Five sets A, B, C, D, and E of three slides each were prepared for each 
of thirty-nine different sections. Eastman ultra-speed X-ray film was used 
for the first three sets and Eastman Panatomic film was used for the remain- 
ing two sets. The films were placed on the sections from September 15 to 
September 25th. Sets A and D were developed December 27, 1942, after an 
exposure of slightly over three months. Sets B, C, and E were developed 
June 14 to 16 after an exposure of about nine months. The paraffin was 
then removed from the sections, which were stained and mounted as perma- 
nent slides. The sections of the grain were dipped in 1 per cent. collodion 
solution, which was allowed partially to dry, as a means of affixing them 
more firmly to the slide. 

The autographs obtained were examined with a binocular dissecting 
microscope and compared with the corresponding sections. Photomicro- 
graphs were made of some of the sections and the autographs of these see- 
tions were enlarged to the same magnification as the photomicrographs. 


Results 
FREEZING MICROTOME SECTIONS 


Autographs of sections of the grain and occasional other parts were 
obtained with exposures of three months or more. The autographs were 














248 PLANT PHYSIOLOGY 


distinct enough to determine the general distribution of the radiosulphur* 
in the tissues, but the gradual drying and shrinking of the sections left 
much to be desired in the correlation of film density and details of structure 
of the plant sections. Results were more satisfactory with the paraffin sec- 
tions so they are considered in detail, the frozen sections being used only to 
check the results obtained with the paraffin sections. 


PARAFFIN SECTIONS 


The X-ray film of set A, which was developed after three months expo- 
sure, showed good autographs of sections of grain taken from cabinets A-1, 
B-1, B-2, and B-3. Those of the first three were of about equal intensities 
whereas those from B—3 were somewhat lighter, although still satisfactory. 
The autographs of the grain from plots A-3 and B—4 were very faint, and 
while distinct enough to show the general distribution of the radioactivity, 
were too light for detailed observations. 

This is in accord with the count data in the preceding paper: the pri- 
mary kernels in plots A-1, B—1, B—-2, B—3, A-3, and B-4 gave the following 
values respectively ; 23.4, 26.0, 23.2, 15.1, 10.2, and 8.4 counts per second 
per gram as of July 1. Faint autographs were obtained for various sec- 
tions of leaves but not for any stem sections. The Panatomie film from set 
D developed at this time showed faint autographs of the grain seetions from 
plots A-1, B—1, B—2, and B—3 but none for any other sections. 

The autographs on sets B and C of X-ray films developed after nine 
months’ exposure were noticeably darker than those of set A, and consider- 
ably more distinct. As before, autographs of sections of grain from plots 
A-1, B-1, and B—2 were all about equal to each other in intensity. Auto- 
graphs of grain from B—3 were good but a little lighter than those from the 
three plots above, while those of grain from A-3 and B-4 were much lighter 
though still fairly distinct. Sections of some of the leaves yielded fair auto- 
graphs but these were all too faint to show distinet differences in distribu- 
tion of sulphur* within the tissues. The activity appeared to be rather 
uniform throughout the photosynthetic tissue of the leaf (fig. 5). None of 
the stem sections yielded definite autographs. Fairly distinct autographs 
were obtained from a section of a voung tiller; but at the levels eut, the 
tiller consisted largely of leaves. 

The slides of set E, with Panatomiec film, which was developed after nine 
months’ exposure, showed fairly good autographs of grain from all plots but 
A-3 and B+4. No autographs were obtained on this film of any vegetative 
parts. 

Sections cut 50 microns thick gave autographs of about 10 per cent. 
greater intensity than those cut 25 microns thick, so some radiations were 
received from distances in excess of 25 microns, though the great majorit) 
of rays were received from the nearest twenty-five microns. 

All of the autographs obtained from each of the five sets of slides ex- 


hibited a similar variation in intensity of effect between the different tissues 
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from the same plot and between similar tissues from different plots. The 
kernels had the highest concentration of radiosulphur, the leaf blades had 
the next highest, followed in order by the leaf sheaths, and the stems. This 
order is also in accord with the count data (16). Not enough roots were 
sectioned to justify consideration of them. As before, the plants from plots 
A-1, B-1, and B-2 showed about equal amounts of sulphur* in their tissues, 








- 
Fig. 1. Radioautograph (left) and photomicrograph (right) of a longtiudinal section 
of a wheat kernel given radiosulphur as sodium sulphate* in the nutrient solution; pep, 
pericarp; sc, seed coat; end, endosperm; al, aleurone layer; cot, cotyledon; pl, plumule; 


pri rt, primary root. 


while the plants from plot B—3 showed slightly less and plants from plots 
A-3 and B-4 considerably less sulphur*. 

Figure 1 is a longitudinal section of a kernel of wheat from plot B-1 
treated with sodium sulphate*, and figure 2 contains two similar sections 
from plot B-3 treated with sulphur* dioxide. In each figure the autograph 
and photomicrograph of identical sections are placed side by side. Figures 
5 and 4 are cross-sections of kernels from the same two plots and figure 5 


shows leaf sections from these plots. 
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Fic. 2. Radioautographs (left) and photomix ographs (right) of longitudinal sec 


tions of wheat kernels given radiosulphur as sulphur* dioxide in the atmosphere. 








HARRISON, THOMAS AND HILL: RADIOAUTOGRAPHS 251 





Fig. 3. Radioautographs (left) and photomicrographs ght f 4 cross-sections of 
a kernel of wheat given sodium sulphate* in the nutrient solutio \, near top; B, center; 
C, upper cotyledon level; D, just above base; pep, pericarp; sc, seed coat; end, endosperm ; 


al, aleurone layer; colp, coleoptile; cot, cotyledon; pri rt, | 
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Fig. 4. Radioautographs (left) and photomicrographs (right) of 4 cross-sections of 


a kernel of wheat given sulphur* dioxide in the atmosphere. A, near top; B, center; C, 


upper cotyledon level; D,; near middle of embryo. 
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D 


’ Fig. 5. Radioautographs (A and C) and photomic: 


s (B and D) of cross- 
sections of wheat leaves given sodium sulphate* in the nutrient solution (A and B), and 


sulphur* dioxide (C and D) in the atmospher¢ 
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A comparison of the sections with their corresponding autographs indi- 
cates that in the grain the greatest concentration of sulphur* was in the 
embryo (figs. 1-4). The coleoptile and the plumule had especially high 
concentrations while the cotyledon, or scutellum, contained noticeably 
smaller amounts than other parts of the embryo (figs. 1, 3A). In the 
starchy endosperm there appears to be a fairly uniform concentration of 
sulphur*, about equal to that in the cotyledon, but at the periphery of the 
endosperm there is a much higher concentration especially in the aleurone 
layer and the cells immediately underneath (figs. 2, 3). When sections 
were cut in such a plane as to include small sheets of these layers, as in the 
furrow part of the grain in figure 1, the radioautograph recorded unusually 
high activity. The concentration of sulphur* in the pericarp is evidently 
very low. This is apparent in autographs of sections in which the pericarp 
was separated from the rest of the section in cutting (figs. 1, 2, 3A, 3C, 4A). 
The funicular region in the furrow of the kernel shows a noticeable amount 
of activity (figs. 3, 4). 

There was very little if any difference in the distribution of sulphur* in 
the plants fumigated with sulphur* dioxide and those which received sul- 
phate* from the nutrient solution. Possibly the distribution was a little 
more diffuse in the tissues of the kernel of the former, without such marked 
concentrations in the embryo and aleurone layer. The fumigated plants 
contained less sulphur* than the others, but examination of a large number 
of autographs showed similar relative concentration in the various tissues. 


Discussion 


According to the data for spring wheat in table IV of the preceding 
paper, the sulphur* absorbed by the plants of plot B—3 was 74 per cent. of 
the amount absorbed by the plants of plot B—1. These two plots were the 
last to be treated with sulphur*. Plot B-4, which received the earliest 
treatment, absorbed considerably less sulphur* dioxide than plot B-38, viz., 
53 per cent. of the sulphur* of B-1. Further, only about 50 per cent. of 
the sulphur* absorbed in B—4 was eventually translocated to the kernels, 
whereas about 60 per cent. was translocated to the kernels in the other five 
plots, suggesting that the sulphur* added before many of the structures in 
the kernel began to form, was less mobile than the sulphur* added during 
rapid head development. In spite of this difference in behavior due to time 
of adding the sulphur*, the autographs of plots B—4 and B-3 did not show 
appreciably different distributions in the kernel. 

The large amount of sulphur* found in the grain as contrasted with the 
vegetative parts of the plant shows that the grain is able to accumulate from 
the leaves and stems, concentrations of sulphur* far in excess of those found 
in these latter structures. ARNON, Stout, and Srpos (1) report a similar 
accumulation of phosphorus* by tomato fruits. As the grain ripens, the 
vegetative parts become senescent and die, with accompanying extensive 


translocation. 
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The variation of concentration between different structures in the kernel 
indicates that some parts have greater ability to accumulate sulphur than 
others. The large concentrations in the embryo and near the periphery 
of the endosperms suggest that sulphur concentration is correlated with pro- 
tein content, since it is well known that these regions of the kernel contain 
the largest amounts of protein. Copp (5) scraped 5 thin concentrie layers 
from the endosperm of Purple Straw wheat kernels and found that the 
gluten content increased in order from 7.4 per cent. in the innermost zone 
to 16.5 per cent. in the outside layer. This is in accord with the analyses 
of the various ‘‘mill streams’’ obtained in the grinding and bolting of wheat 
to make flour and other products. For example (3, p. 135) wheat contain- 
ing 2.05 per cent. nitrogen yielded ‘‘patent’’ flour, derived principally from 
the inner part of the endosperm, with 1.82 per cent. nitrogen; bran, with 
2.33 per cent.; and ‘‘pure germ’’ with 4.84 per cent. nitrogen. According 


TABLE I 














NITROGEN AND SULPHUR IN THE PROTEINS FROM DIFFERENT PARTS OF THE WHEAT KERNEL 
PROTEIN LOCATION NITROGEN SULPHUR CYSTINE | CITATION NO. 
% % % 

Gliadin Endosperm 17.5 1.19 2.4 4, 11 
Glutenin 17.4 32 2.1 11, 13 
Globulin Bran 17.8 0.91 1.5 9, 10 
Albumin “ 15.4 1.35 3.3 9, 10 
Prolamine “ly 15.4 1.35 2.3 9, 10 
Globulin Embryo 18.6 0.65 14 
Albumin 

(leucosin ) 6 16.8 1.28 14 
Protein from 

nucleoprotein | “at 16.4 1.26 14 








to OsBoRNE and MENpeEL (15) the endosperm contains 11.1 per cent. protein, 
the bran 18.7 per cent., and the embryo 36.7 per cent. 

The aleurone cells are largely removed with the bran in milling. They 
contain a large part of the protein of the bran (15). Jongs and Gersporrr 
(9) found that the protein in bran is made up largely of albumin, globulin, 
and an alcohol soluble prolamine somewhat different from gliadin. It 
therefore resembles somewhat the protein in the embryo which also contains 
albumin (leucosin) and globulin, in addition to nucleoproteins. The pro- 
tein part of the latter appears to be identical with leucosin (14). The pro- 
tein of the endosperm is principally gliadin and glutenin. 

The nitrogen and sulphur contents and some values for cystine in the 
proteins from different parts of the wheat kernel are summarized in table I 
from data in the literature. Gliadin was the only one of these proteins for 
which methionine values could be found, viz., 1.6 per cent. (4) and 2.0 per 
cent. (2) ; but from analyses of albumins and globulins of other plants it 
is likely that cystine and methionine are both important constituents of the 
various sulphur fractions in the wheat kernel. 
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These proteins vary considerably in nitrogen and also in the proportions 
of the different amino acids. The range of the total sulphur concentrations 
is, however, rather small, apart from the fact that the globulins are quite 
low in sulphur. This latter circumstance is offset by the fact that the globu- 
lins are relatively minor constituents of the protein mixture in which they 
occur. 

If during the development of the wheat kernel, the available sulphur* 
was distributed about equally among the different proteins, radioautographs 
like those obtained in this study would be expected since larger amounts of 
sulphur* would be present in regions of protein concentration. The embryo 
and the bran layers, however, represent only about 15 per cent. of the mass 
of the kernel, and it is evident that the endosperm actually absorbed a con- 
siderable part of sulphur. 

Summary 

Radioautographs have been made of the leaf and kernel of spring wheat 
plants which had absorbed radiosulphur either from the nutrient solution 
as sulphate* or from the air as sulphur* dioxide. 

In the leaf the sulphur* was distributed rather uniformly. 

In the kernel, sampled at the dough stage, 2 to 5 weeks after treatment 
with radiosulphur, there was a much greater concentration of sulphur* than 
in any other part of the plant. Further, there was a marked concentration 
of sulphur* in the embryo and also in the periphery of the endosperm, par- 
ticularly in the aleurone layer and cells immediately underneath. An 
appreciable amount of sulphur* was distributed rather uniformly through- 
out the interior of the endosperm, but the pericarp was nearly free of activ- 
ity. The distribution of the sulphur* was evidently similar to the distri- 
bution of the protein. There was little if any difference in the distribution 
due to treating the plants with sulphur* dioxide rather than sodium sul- 
phate*. 
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allowing Dr. BerTRAND F. Harrison, Professor of Botany at that institu- 
tion, to join our staff during the past two summers. 
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IONIC ABSORPTION BY TOMATO PLANTS AS CORRELATED 
WITH VARIATIONS IN THE COMPOSITION OF THE 
NUTRIENT MEDIUM 


KENNETH C. BEEson, C. B. LYON, AND 
MELLE WARD SARRENTINE 


(WITH EIGHT FIGURES) 


The nutritive values of food crops and the factors which may modify 
them are subjects of increasing interest. In recent years vitamin and 
mineral constituents of plants have been used to evaluate some aspects of 
nutritive value, and the importance of a variable supply of minerals from 
plant sources in animal nutrition has been discussed by MayNnarp (15). 

During the summers of 1941 and 1942, extensive experiments have been 
conducted at this laboratory on the effects of varying the relative propor- 
tions of macro-nutrients' supplied to tomato plants on the vitamin content 
of tomato fruits (6,11). Although variations in the mineral constituents 
of the tomato fruit are of relatively minor nutritional importance (10), 
studies relative to mineral composition were made to aid in an understanding 
of the physiological processes involved in mineral absorption by plants. 

In soil studies of the mineral nutrition of plants, Jenny and Ayers (12) 
have clearly distinguished two aspects of the problem: 1. Soil colloidal phe- 
nomena as they are influenced by fertilization and as they in turn influence 
the composition of soil solutions; and 2, the absorption and accumulation of 
the nutrients by plants from the soil solution. For convenience, they have 
termed the second aspect ‘‘the biological accumulation phase by root hair 


> More exactly this aspect might include the localized retention of 


cells.’ 
ions by the living system. Since the cytoplasmic constituents of any organ- 
ism are changing continuously, chemical analysis of any organ at any given 
interval can only be empirical. Investigations with artificial eulture solu- 
tions of known composition have been profitable in studying those empirical 
relationships involved in ionic absorption by plants. Such factors of nutri- 
ent composition as the presence of essential ions, the relative concentration 
of the constituent ions, the osmotic concentration of the solution, the reaction 
of the medium, and the total quantity of the nutrient available to the plant 
can be varied over wide ranges under carefully controlled conditions. It is 
the purpose of this paper to present data concerned primarily with the 
mineral composition of tomato plants as it is influenced by the composition 
of the nutrient medium with special attention given to ionic interaction. 

In many investigations of the effect of changes in nutrient supply on 
plant composition, nutrient solutions of fixed composition were utilized to 

1 The term macro-nutrients as used in this paper refers to the six nutrients (Ca, K, 
Mg, NO;, SO,, and PO,) in contrast to the micro-nutrients (Cu, Mn, B, Zn, Mo, and Fe). 
The distinction between these two groups of nutrients is based upon the faet that the 
former group is needed by the plants in much greater amounts than the latter group. 
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which was added a single salt as a variable. It is difficult if not impossible 
to satisfactorily evaluate ion ‘‘interaction’’ by the above method. S#ive 
(17), in 1915, developed a triangulation method involving three-salt solu- 
tions whereby the relative proportions of the macro-nutrient ions could be 
varied over wide ranges with only small changes in the osmotic properties 
of the substrate. This method involves, however, a corresponding change 
in concentration of an anion with each change in cation concentration of a 
salt. Since this characteristic represents a disadvantage for some investiga- 
tions, the design has been considerably modified by BeckeNnBAcH, et al. (3). 
The revision has made possible a variation in the relative proportions of 
cations while the relative proportion of anions in the nutrient medium 
remains constant. Conversely, when the relative proportion of anions is 
varied, the relative proportion of cations remains constant. The method has 
been used to advantage by BECKENBACH and co-workers to study growth (38), 
ionic accumulation (4), and the carbohydrate nitrogen relationships (5) of 
corn. In asomewhat modified form, it has been used by other investigators 
(9, 11, 14) in studies of growth and fruitfulness of soybean and tomato 
plants and to survey the influence of mineral nutrition on the vitamin con- 
tent of tomato fruits. The composition of the nutrient medium is varied by 
the above method in the experiment reported here. 


Methods 

The materials used were obtained from the 1941 experiment of HAMNER, 
Lyon, and HAMNER which is described elsewhere (11). Briefly, an inbred 
strain of Bonny Best variety of tomatoes was planted in the greenhouse May 
12, 1941, and the seedlings were transplanted into 2-gallon glazed crocks 
containing pure quartz sand. On July 1, all plants were placed outdoors. 
The plants were harvested September 10. 

In the forty-three solutions considered in this investigation, the relative 
proportions of potassium, calcium, and magnesium were varied while the 
total equivalent concentration of these ions was constant. Each solution 
contained 12.0 milliequivalents per liter of nitrate, 4.5 m.e./1. of phosphate 
and 9.0 m.e./l. of sulphate. For convenience, the forty-three solutions are 
represented in a cation triangle (fig. 1) and treatment numbers are assigned 
to those solutions which were used. All solutions contained equal amounts 
of the micro-elements in the following concentrations: 


B (as H,BO,) 0.5 p.p.m. 
Mn (as MnCl, : 4H.0) 0.5 

Zn (as ZnSO,:7H.O) 0.05 

Cu (as CuS0O,:5H.0O) 0.02 

Fe (as ferric citrate) 5.0 


The design of the experiment was that of a randomized block (7) with 
eighty-seven treatments and four replications. Each replication consisted 
of a three-plant row, and the replications were randomized by the use of 
TIPpPETT’s randomization tables (19). Thus, the mean of twelve plants is 
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B-5.7 |B-5.7 [B-5.7 [8-5.7 1B8-5.718-5.7 18<5.7 B-5.7 
c:0 C=2.84C=5.7 §C+8.5]C=11.3] C=14.21C-17.0]1C-19.8 
A22.6] A=19.81A=17.07A=14. 21 A=! 1.3 A=8.51A=5.7 | A=2.8]A:0 
e-2.0/t28 B-2.8/8-2.818-2.818-2.818-2.818-2.81B8-2.8 
C=O JC#2.85C=5.7 $C+8.54C=11.31C14.21C-=17.01C-19.8 C=22.6 
As25.5] A:22 6] A=19.8] A=17.0] Axi4.2] A-11.37A-8.51A-5.7 JA-2-8 TAO 
B-0 B-0 B-0 B-O B-O |B-0 B-0 B-0 B-0 B-0 
Cc-0 C=2.85C=5.7 JC-8.59C=11.39C=14. 21 C-17.0]C-19.8 C=22.61C-25.5 
A Cc 
Fic. 1. Upper triangle represents relative proportions of macro-nutrient cations in 
The combinations used are shown 


milliequivalents per liter for 55 possible combinations. 
in the lower triangle by treatment numbers. In general, material from shaded treatments 


was used for analyses. 
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used as an estimation of the results produced by a given treatment. The 
data were reduced by means of the analysis of variance, and the t test (18) 
was used for determining whether particular differences were significant. 
Odds as great as or greater than 19:1 were accepted as statistically signifi- 
cant that the observed deviations were not due to the errors of random 
sampling. Subsequent to the time the seedlings were transplanted, the same 
randomization and design were maintained, both in the greenhouse and in 
the field. 

During the course of the experiment, the first fruit to mature on each 
plant was picked and immediately weighed on the morning of the day that 
complete color change had occurred. After a transverse section from the 
equatorial portion of the fruit was removed for vitamin analyses, the remain- 
ing apical and stem-end portions were weighed and dried at 60° C. for four 
days and preserved for chemical analysis. Such samples included approxi- 
mately 60 to 75 per cent. of each fruit. Since each replication was composed 
of three plants, the samples of the first fruits from each of the three plants 
were composited. Thus, four samples (one per replication) were available 
in each treatment. Each sample was analyzed in duplicate for a given 
constituent. 

When the plants were 120 days old and had received their respective 
nutrient treatments for 94 days, they were harvested, the vegetative material 
immediately weighed, and subsequently dried at 60° C. for four days. After 
obtaining the total dry weight of the vegetative material, the leaflet blades 
of each plant were separated from the rest of the vine and the leaflet material 
from each of the three plants within a replication composited. Thus, as was 
the case for fruits, four samples per treatment were available. The samples 
were ground in an Abbé ball mill, and duplicate analyses on each sample 
for each constituent were made. 

The treatments which were analyzed were those selected on the basis of 
variability indicated by data for other characters (11) as well as for ease of 
interpretation with respect to ionic absorption. Potassium, calcium, mag- 
nesium, nitrogen, and sulphur analyses were made according to the official 
methods of the A.O.A.C. (1). The method of Fiske and SuppArow (8) was 
used for phosphorus determinations. 

When triangulation techniques are employed to vary the relative supply 
of ions for plant growth, it is desirable to have some statistical evaluation 
of the relative influence of each ion. The method of varying the relative 
proportions of Ca**, Mg**, and K* supplies is shown in figure 1. Since the 
total equivalent concentration of these cations is constant (25.5 milliequiva- 
lents per liter) in any treatment, the concentration of any one of the ions is 
completely predetermined by a knowledge of the concentration of the other 
two. Thus, in this experiment only two independent variables exist; their 
definition depends on the judgment of the investigator. For purposes of 
clarity, however, it is possible to correlate the supply of an individual ion 
with a dependent variable such as potassium content of leaflets (y). Thus, 
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if Ca** supply = a, K* supply = b, and Mg** supply = ¢, in this experiment it 
was found that: 

Tay = — 0.653? 

Tpy = + 0.977 

ley = — 0.257 


In the correlation, r,y, the net effects of b and e would be considered as a 
constant since all conditions of K* and Mg** supplies would be considered 
by a symmetrical selection of treatments in the triangle. 

If symmetry is a condition of the experiment: 


Yap = — 0.500 Tap-c = — 1.000 
rac =—0.500 and _ “r,,.-.,=—1.000 
pe = — 0.500 lpe-a = — 1.000 


Since practical considerations often preclude symmetrical conditions and 
since asymmetry in turn influences the magnitude of ray, Ty, and ry, a 
measure of asymmetry is provided by the deviation of the observed r,, 
from —0.500. If this deviation is not great (in this experiment the devi- 
ation generally is not greater than 0.07) the correlation r,y, rpy, and r.y may 


TABLE I 


COMPOSITION OF TOMATO LEAFLETS GROWN IN NUTRIENT SOLUTIONS WHICH VARY IN THE 
RELATIVE PROPORTIONS OF MACRO-NUTRIENT CATIONS 














marar.| —Camoxs soreup MILLIEQUIVALENTS /OM. DRY WEIGHT 
MENT i I sLIEQ ALENT: iM. ah b. sate 
NO. ‘ - i pa - | ’ r 
| Ca | Ke | Me | Ca Mg K P s N 
ae ae a T hee So cm 
| m.e./l. | m.e./l. | m.e./l. 
48 | 28 19.8 2.8 0.55* 0.91 2.07 0.98 |} 29 | 11.3 
+0.021 | +0.037 | +0.081 | +0.006 | +0.15 | +0.10 
61 2.8 11.3 11.3 0.99 2.62 1.25 1.16 40 | 9.1 
+0.036 | +0.074 | + 0.054 | + 0.067 | +0.07 | +0.59 
a ie 2.8 19.8 1.10 3.41 0.32 1.53 3.0 9.1 
+0.029 | +0.053 | +0.017 | +0.008 | +0.04 | +0.08 
66 5.7 8.5 11.3 2.23 2.52 0.89 0.96 5.3 9.1 
+0.069 | +0.036 | +0.054 | +0.026 | +0.18 | +0.25 
65 8.5 8.5 8.5 2.61 2.00 0.72 0.95 5.4 8.7 
+0.071 | +0.070 +0.043 +0.033 | +0.05 | +0.17 
58 | 113 | 113 | 28 2.80 0.89 0.88 0.81 5.3 ee 
+0.047 +0.027  +0.033 +0.037 | +0.09 | +0.24 
80 11.3 2.8 11.3 3.06 2.09 0.23 1.42 4.0 ’ 8.4 
+0.048 +0.053 | +0.010 +0.054 | +0.16 | +0.15 
71 14.2 5.7 5.7 3.70 1.11 0.43 0.89 5.9 8.1 
+ 0.069 + 0.046 + 0.018 +0.021 +0.12 | +0.21 
78 17.0 2.8 5.7 4.22 1.02 0.19 1.30 4.4 8.3 
+ 0.154 + 0.019 + 0.006 + 0.027 + 0.02 + 0.09 
77 19.8 2.8 2.8 4.27 0.67 0.23 1.07 3.8 8.7 


+ 0.065 + 0.023 + 0.009 +0.010 + 0.04 + 0.06 





* Mean with standard error. In any inter-treatment comparison six degrees of 
freedom are available; when t = 3.71, P=0.01. 
2 Possibly significant, satisfying statistical requirements for a P value of 0.05. 


3 Highly significant, satisfying statistical requirements for a P value of 0.01. 
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be considered as the best estimation of the true value which would have been 
obtained had symmetry existed. Although transformations of r,,, rpy, and 
Tey for symmetrical conditions could be made, it is probably not desirable 
since the assumption of linear relationships between dependent and indepen- 
dent variables would be necessary. 

A measure of the variability in y, which can be accounted for by varia- 
tions in Ca**, Mg**, and K* supplies, is afforded by a consideration of the 
coefficient of multiple correlation (R). In this case, R = 0.984, and 82 per 
cent. of the variability in potassium content of the leaflets can be accounted 
for by variations in the supply of macro-nutrient cations. The remaining 
18 per cent. of the variability in this experiment must be attributed to other 
environmental or genetic variables. 

Although the above methods are unsatisfactory in some respects and lead 
to the apparent anomaly of three independent variables, they furnish the 
best available measure of individual ion effects in triangulation techniques. 


Results 


The data for the chemical analyses of both the fruit and leaflet material 
are given in tables I and II. Analyses of variance were also computed for 
each characteristic. Although the results are not reported here, the F values 
for inter-treatment comparisons in all characteristics are in excess of those 
required for a P value of 0.01. From tables I and II, it is noticeable that 
the magnitude of standard errors assigned to treatment means is small, and 
it is evident that significant differences in the mineral composition of the 
plants have resulted from variations in the relative proportions of macro- 
nutrient cations supplied to the plant. It is noticeable that the magnitude 
of differences between treatments with respect to sulphur, phosphorus, and 
nitrogen concentration in tissues was not as great as for other constituents. 
This might be expected since macro-nutrient anion supply was constant in all 
treatments. No significant differences were demonstrable either between 
duplicate aliquots used for chemical analysis, or between replications in any 
of the data tested for these sources of variation. 


CALCIUM 


The results of correlation analysis between the calcium content of leaflets 
and of fruits and the variables of nutrient supply are given in table III. 
The coefficients were computed excluding data from those treatments sup- 
plied with culture solutions devoid in one or more ions (numbers 62, 68, 84, 
and 87, fig. 1) since they can be considered as abnormal treatments for our 
purposes. Analytical data from each replication in the remaining ten treat- 
ments were used. 

The correlation coefficients show that the calcium content of leaflets is 
positively and significantly correlated with Ca** supply and that a signifi- 
cant though negative correlation exists between this characteristic and K* 
supply. Thus, the calcium content of leaflets increases with each unit inere- 
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TABLE II 


COMPOSITION OF TOMATO FRUIT GROWN IN NUTRIENT SOLUTIONS WHICH VARY IN THE 
RELATIVE PROPORTIONS OF MACRO-NUTRIENT CATIONS 


CATIONS SUPPLIED 











TREATMENT 

NO. 

Ca** 

m.e./l. 

48 2.8 
51 2.8 
56 2.8 
61 2.8 
75 2.8 
83 2.8 
55 5.7 
66 5.7 
74 5.7 
82 5.7 
54 8.5 
59 8.5 
65 8.5 
73 8.5 
58 11.3 
64 11.3 
80 11.3 
63 14.2 
71 14.2 
70 17.0 
78 | 17.0 
77 19.8 


| 


* Mean with standard error. 
dom are available; when t = 3.71, 


Mg** 


m.e./l. 


9 
- 


ie) 
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i | 


ww 


or 


7 2) 


Qo 
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Kt 


19.8 


17.0 


14.2 


oY 


_ 
_ 
bo 





go 
or 


ul 





Pp 


| 2. 


In any inter-treatment comparison six degrees of free- 


0.01. 


m.e./l. 











CONCENTRATION IN FRUIT, 
MILLIEQUIVALENTS/KG. FRESH WEIGHT 


Ca 


2.35 
+ 0.080 
3.55 
+ 0.098 
2.73 
+ 0.079 
3.24 
+ 0.444 
3.56 
+ 0.077 
3.69 
+ 0.353 
3.26 
+ 0.071 
3.50 
+ 0,241 


ied 


+0.141 
3.20 


0 9990 


5.15 
+0.108 
4.79 
+ (0.044 
5.78 
+ 0.225 
4.63 
+ 0.130 


5.46 
+ 0.450 
5.58 
+ 0.215 
8.58 
+ 0.389 
7.35 


+ 0.712 


15.85 
+ 0.325 


<0 


17.35 
+ 1.551 
18.43 
+ 0.155 
15.91 
+ 0.792 
15.25 
+ 0.269 


14.13 


+ 0.531 


10.71 


+ 0.528 


9.87 
+ 1.059 
11.43 
+ 0.262 
11.02 
+ 0.983 
11.28 
+ 0.296 
10.80 
+ 0.610 


9.09 
+ 0.636 
12.28 
+ 2.060 
10.41 
+1.170 





K 


112.50 


92.45 
+ 1.293 
94.63 
+ 6.667 


80.82 
+ 3.698 


= 
~ ip 
w 


Hote 
Ore bo 


0 ie 


42.00 
+ 3.743 
71.29 
+ 3.376 
58.95 
+ 4.730 


41.80 
+1.972 
48.80 
+ 2.168 


ee ee, —— ee | 
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ment in Ca** supply and also with each unit decrement in K* supply. The 
magnitude of the coefficients involved indicates the higher correlation of Ca** 
supply with the dependent variable than of K* supply. This is clarified 
by subsequent graphing procedures. Magnesium-ion supply is not signifi- 
cantly correlated with the calcium content of leaflets. The coefficient of 
multiple correlation (R) is 0.986, and approximately 83 per cent. of the 
observed variability between treatments with respect to the calcium content 
of leaflets can be accounted for by the variations of macro-nutrient cation 
supply in the nutrient medium. 


TABLE III 


THE COEFFICIENT OF CORRELATION BETWEEN THE INDICATED CHARACTERISTICS OF PLANT 
COMPOSITION AND THE VARIABLES OF NUTRIENT SUPPLY* 








VARIABLES OF NUTRIENT SUPPLY 
VARIABLES OF PLANT 9 -+——————__—__ 

COMPOSITION CA** SUPPLY K* SUPPLY MG** SUPPLY R 
(A) (B) (Cc) 





I. Caleium content 


A. Leaflets (x) . Tax = + 0.964} Tpx =— 0.652 Y.x =— 0.429 R = 0.984 
B. Fruit (x,) Tax, =+ 0.775} lps, =— 0.399 Tex, =~ 0.391 R=0.724 
II. Potassium content 
A. Leaflets (y) Tay =— 0.653 t Tpy = + 0.977} Tey =— 0.257 R = 0.984 
B. Fruit (y,) Tay, =— 0.477 lpy, = + 0.8763 Fey, = — 0.322 R = 0.639 
III. Magnesium content 
A. Leaflets (z) Yaz —— 0.674t Tpz =— 0.194 Tez —~ + 0.962} | R=0.978 
B. Fruit (2z,) Taz, =~ 0.646} Mp2, = + 0.257 Pez, = + 0.449 R= 0.653 
IV. Phosphorus content 
of leaflets (p) Tap =— 0.108 Tpp = — 0.539 Y.p=+0.668t | R=0.817 
V. Sulphur content of 
leaflets (s) ra. = + 0.098 Tne = + 0.021 ro, =— 0.125 R=0.578 
VI. Nitrogen content of 
leaflets (n) Yan ~— 0.174 lpn — + 0.244 Ton = — 0.052 R = 0.233 





* Ca** supply =a; K* supply =b; and Mg** supply=e. In the composition of leaflets, 
calcium content=x; potassium content=y; magnesium content=z; phosphorus con- 
tent=p; sulphur content =s; and nitrogen content=n. In the composition of fruits, cal- 
cium content = x, potassium content=y,, and magnesium content =z. 

t Probably significant, satisfying requirements for P= 0.05. 

¢ Highly significant, satisfying requirements for P= 0.01. 

The coefficient of multiple correlation (R) between the calcium content 
of fruits and the variables of nutrient supply (table III) is 0.724, and only 
36.6 per cent. of observed variability in calcium content of fruits can be 
accounted for by changes in Ca**, K*, and Mg** supplied to the plant. Thus, 
other variables not considered in this experiment are of primary importance 
in determining the calcium content of fruits. The correlation analysis, 
however, does provide an evaluation of the significant variables in this ex- 
periment which accounts for a comparatively small part of observed varia- 
bility between treatments with respect to calcium content of fruits. Cal- 
cium-ion supply is significantly and positively correlated with the calcium 
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content of fruits. This is the only variable of nutrient supply which is 
significant in its correlation with the dependent variable. 

A visual representation of the significance of the statistical analysis can 
be obtained by plotting the data. Since both Ca** and K* supplies are cor- 
related with calcium content of leaflets, three axes of the cation triangle were 
chosen as shown in figure 2. On any one of the axes in the direction indi- 
eated, the amount of Ca** in the nutrient solution is increased. The amount 
of K* supplied to the plants remains constant (axis d) or is decreased at a 
variable rate (axes e and f). 
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Ca Mag 
Fie, 2. The relative proportions of Ca** to K* supplied in the nutrient medium are 
given as ratios. By comparing treatments on each axis in the direction indicated, the Ca* 
supply is increased and the K* supply remains constant or is decreased. 


It is evident from figure 3 that an increase in the Ca** supply resulted 
in a greater calcium concentration in leaflets. The variability indicated 
between treatments with respect to calcium content of leaflets as a result of 
an increased Ca** supply is shown by the net regression curve. At any given 
ordinate point when these three axes are used, the Ca** supply is constant 
in treatments represented on all axes, but the K* supply may vary as much 
as seven fold. Thus, the variability shown between axes when Ca** supply 
is 2.8 m.e./l., for instance, is directly attributable to altered K* supply. 


A unit change of Ca** supply obviously produces approximately six times 
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the effect on the calcium content of leaflets as is effected by a unit change 
in K* supply. Similarly, the total calcium content of all the leaflets pro- 
duced by the plant is greater when the Ca** supply is increased. 

In the case of calcium concentration in fruit, however, the statistical 
analysis indicated only Ca** supply as being significantly correlated with 
this variable. Since Ca** supply is concerned, one may graph both calcium 
concentration and total calcium content of all fruits produced by a given 


plant against increments of Ca** supply on the same axes. Such a pro- 
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*m.e./gm. dry weight. 
**m.e./Kgm. fresh weight. 
Fic. 3. Caleium ion uptake from culture solutions by tomato plants. D, E, and F 
are axes of triangle illustrated in figure 2. NR refers to net regression curve computed 
from curves D, E, and F. 


cedure shows that increased Ca** supply results in greater calcium concen- 
tration and greater total calcium content of fruits. The relatively large 
variability shown between axes clearly indicates the effects of another vari- 
able or variables not determined in this experiment. 

The data clearly show differences in the calcium content of tomato plants 
as a result of variations in the relative proportions of ions supplied in the 
nutrient medium. It is especially significant that the concentration of eal- 
cium in the vegetative parts of the plant is influenced not only by Ca** 
supply but by K* supply as well. It is also clearly shown that differences 
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in calcium content per unit dry weight are not the result of differences in 
total vegetative growth or fruit production of the plant, although large 
differences in these characteristics occur which can be correlated with the 
composition of nutrients used in the experiment (11), 


PorTassiuM 


The coefficients of correlation between the potassium content of leaflets 
and the variables of nutrient supply are given in table III. By the same 
reasoning which was used to evaluate ‘he effect of the nutrient supply on the 
calcium content of the plant, it is indicated that an increase in K* supplied 
to the plant or a decrease in the Ca** supply is significantly correlated with 
an increased potassium concentration in leaflets while Mg** supply is seem- 
ingly without a significant effect on the dependent variable. The coefficient 
of multiple correlation (R) is 0.984, and approximately 82 per cent. of the 
observed variability in potassium content of leaflets can be correlated with 
the variables of nutrient supply. 

The coefficient of multiple correlation (R) when correlations between the 
potassium content of fruits and the variables of nutrient supply are con- 
sidered is 0.639, and only 40 per cent. of the observed variability in potas- 
sium content of fruits can be accounted for by the variations in the propor- 
tions of macro-nutrient cations supplied to the plants. This indicates that 
other variables not measurable in this experiment were of considerable im- 
portance in determining the potassium content of fruits. Potassium content 
of fruits, however, is positively and significantly correlated with K* supply. 
Neither Ca** supply nor Mg** supply was significantly correlated with the 
potassium content of fruits. 

Since both K* and Ca** supplies are significantly correlated with the 
potassium content of leaflets, three axes of the triangle may be chosen (illus- 
trated in fig. 4) where a comparison of the treatments on each axis shows an 
increase in K* supply while Ca** supply remains constant (axis ¢) or is 
decreased at a variable rate (axes a and b). When the data are plotted in 
this manner (fig. 5), they show that an increase in the K* supply results in 
a greater potassium concentration in leaflets and a greater total amount of 
potassium present in the leaflet material of plants. A comparison of the 
variability between axes at any ordinate point shows that the relative effect 
of a unit change in K* supply is approximately five times that of a unit 
change in Ca** supply in determining the potassium concentration of leaflets, 
although Ca** supply is significantly correlated with the dependent variable. 

The data also show that a greater K* supply results in a greater potas- 
sium concentration in fruits. Since neither Ca** nor Mg** supply was sig- 
nificantly correlated with this dependent variable, the variation between 
axes in this instance is an indication of the comparative effect of other 
unmeasured variables in this experiment. The graphing procedure showing 
total potassium content of fruits as a function of K* supply is less clear in 
its interpretation. Previous published data (14) have shown total fruit 
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production in this experiment to increase directly with an increased Ca** 
supply. On axis a (fig. 4) the supply of K* is increased in the direction 
indicated, but the Ca** supply is decreased. Therefore, total fruitfulness 
is materially less as the concentration of potassium in the fruits is increased 
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Fig. 4. The relative proportions of K* to Ca** supplied in the nutrient solutions are 
given as ratios. By comparing treatments on each axis in the direction indicated, the K* 
supply is increased and the Ca** supply remains constant or is decreased simultaneously. 


in the treatments represented on this axis. The graphing procedure clearly 
shows less total potassium in fruits produced by plants supplied with rela- 
tively large amounts of K* since those plants produced relatively few fruit. 
Thus, the variability between axes is also a function of Ca** supply and its 
relation to total fruit production in this instance. 
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It seems clear that differences in vegetative growth resulting from vari- 
ations in nutrient supply cannot account for differences in the potassium 
concentration observed in plant parts. In fruit, the differences in potas- 
sium concentration are the result of differences in K* supply interacting with 
other unknown variables. In leaflets, the differences in potassium concen- 
tration are the net result of differences in K* and Ca** supply. 
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*m.e./gm. dry weight. 
**m.e./Kgm. fresh weight. 
Fie. 5. Potassium ion uptake from culture solutions by tomato plants. A, B, and C 
are axes illustrated in figure 4. NR refers to the net regression curve computed from 
curves A, B, and C. 


MAGNESIUM 


The correlation analyses between the magnesium concentration in leaflets 
and the variables of nutrient supply are given in table III. A large portion 
(80 per cent.) of observed variability between treatments with respect to the 
magnesium content of leaflets can be accounted for by variations in the rela- 
tive proportions of Mg**, Ca**, and K* supplies since R = 0.978. Both Ca’ 
supply and Mg** supply are significantly correlated with the magnesium 
concentration in leaflets although the former correlation is negative and the 
latter positive. No correlation between K* supply and the dependent vari- 
able was observed. 

From the correlation analysis, it is evident that Ca** supply is signifi- 
eantly and negatively correlated with the Mg** concentration in fruits. 








BEESON, LYON AND BARRENTINE: IONIC ABSORPTION 271 


Neither Mg** nor K* supply is significantly correlated with this dependent 
variable. It is also evident that only 25 per cent. of the observed variability 
between treatments with respect to magnesium concentration in fruits can 
be accounted for by the variables of nutrient supply measured in this experi- 
ment since R = 0.653. 

The magnesium concentration in leaflets may be plotted as a function of 
Mg** supply on each of the axes shown in figure 6, with the consideration 
that each unit increase in Mg** supply is accompanied by constant Ca** sup- 
ply on axis g and increasing Ca** supply on axes h and i. It is evident that 
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Fig. 6. The relative proportions of Mg** to Ca** supplied in the nutrient medium are 


given as ratios. By comparing treatments on each axis in the direction indicated, the Mg** 
supply is increased and the Ca** supply remains constant or is decreased simultaneously. 


a greater Mg** supply (fig. 7) results in a greater magnesium concentration 
in leaflets and, if the total amount of leaflet material produced by each plant 
is considered, it results in a greater total magnesium content in leaflets. The 
variability between axes indicates that the effect of a unit change in Mg* 
supply is approximately five times as great as a unit change in Ca** supply 
in altering the magnesium content of leaflets. 

The data in figure 7 show that large changes in Mg* supply have resulted 
in only small and insignificant changes in the magnesium concentration of 
fruits. This would be expected since Mg** supply was without significance 
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in its correlation with the magnesium content of fruits. The significant and 
negative correlation between this characteristic and Ca** supply is reflected 
in the variability between axes at any ordinate point. Thus, fruit from all 
treatments represented on axis g (supplied with relatively small amounts 
of Ca**) contain relatively high concentrations of magnesium. Since those 
treatments were the least fruitful, the total amount of magnesium in fruits 
is less. 
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Fig. 7. Magnesium ion uptake from culture solutions by tomato plants. G, H, and 
I are axes illustrated in figure 6. NR refers to the net regression curve computed from 
eurves G, H, and I. 


PHOSPHORUS 


The results of the correlation analysis between the phosphorus concen- 
tration in leaflets and the variables of nutrient supply are given in table. III. 
The coefficient of multiple correlation is 0.817, and 42 per cent. of the ob- 
served variability between treatments can be accounted for by the variations 
of Ca**, K*, and Mg** supplied in the nutrient medium. The concentration 
of phosphorus in leaflets is significantly and positively correlated with Me™ 
supply, while neither K* nor Ca** supplies are significant in their correlation 
with the phosphorus concentration in leaflets. Since HPO, supply was 
constant, it must be assumed that a large portion of the variability between 
treatments with respect to phosphorus content of leaflets was unaccounted 
for in this experiment. 








-— —— — ie 








BEESON, LYON AND BARRENTINE: IONIC ABSORPTION 273 


The phosphorus content of leaflets may be plotted as a function of Mg* 
supply on axes shown in figure 8. As Mg** supply is increased on these axes, 
all possible relationships with K* and Ca** supplies are included in so far 
as the ratio of Mg** to either is increased. It is evident that the phosphorus 
content of leaflets is greater as the Mg** supply is increased, although the 
variability between axes would indicate a pronounced effect of the unknown 
variables. A similar relationship is clearly shown when the total phos- 
phorus content of leaflets is considered. 
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Fie, 8. Phosphorus uptake from culture solutions by tomato plants. G, H, and I 
are axes of the triangle illustrated in figure 6. NR refers to the net regression eurve com- 
puted from curves G, H, and I. 


NITROGEN AND SULPHUR 


The coefficients of multiple correlation with respect to sulphur (R = 0.578) 
and nitrogen (R = 0.233) concentration in leaflets indicate that only 18 per 
cent. and 3 per cent., respectively, of the observed variability between treat- 
ments can be accounted for by the variables of nutrient supply which were 
altered in this experiment. The results of correlation analyses given in 
table III do not offer any clue which could be used to interpret the effect 
of the nutrient system. One must conclude that other variables which were 
not considered in this experiment were of primary importance in so far as 
nitrogen and sulphur concentrations in leaflets are concerned. 


Discussion 


The inherent difficulties as well as the relative merits of the statistical 
procedures used in this investigation have been discussed. The methods can 
be used with moderate precision to establish those variables in the nutrient 
supply which ean significantly account for observed variability in plant 
composition and to test the validity and relative significance of individual 
ion supply. The methods are applicable to any experimental designs involv- 
ing triangulation techniques. 

In this investigation, those treatments supplied with nutrient solutions 
lacking one or more ions were considered as deficient. The data from these 
treatments were not included in the correlations. It is the opinion of the 
authors that valid conclusions concerning the absorption of an ion could not 
be drawn from the results of treatments supplied with solutions devoid in 
that ion. It should be emphasized, however, that the significance of the 
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correlations is in no way changed by inclusion of all of the data in the com- 
putations. Thus, if all treatments are considered, the concentration of 
potassium in leaflet material, for instance, is still significantly correlated with 
Ca** as well as K* supply. 

That the differences in mineral composition of these plants are not the 
result of a differential with respect to the growth rate of the plants is shown 
by the fact that the total quantity of an ion absorbed by leaflets or by fruits 
on a given plant followed the same trends in most cases as the concentration 
of that ion in those tissues. Furthermore, the differences could not be associ- 
ated with the extent of root or stem growth since no correlation was evident. 
It is clear that a differential or selective absorption of these ions by the plant 
must have occurred. Whether or not this absorption was influenced by 
quantities of an element within the plant is not known. 

The significant negative correlation between magnesium content of fruit 
and Ca** supply seems especially interesting. It seems clear that Mg** sup- 
ply was not limiting when supplied in concentrations in excess of 2.8 m.e./1. 
since no plant responses could be correlated with successive increments of 
Meg** supply in the central portion of the triangle. Thus, in the range of 
‘*luxury consumption’’ Ca** supply is associated with the entry of Mg** into 
fruits. If Mg** had been supplied at several suboptimal levels, it seems 
probable that a significant positive correlation between magnesium content 
of fruits and Mg** supply would have been obtained. 

It is evident that plant composition is the end result of a number of 
physiological processes. The net effect may appear to be the result of an 
interaction, yet the interaction may not be identified with any particular 
process. Also, the relationships of cause and effect are not clear. Whether 
one can deduce that the concentration of Mg** supplied to the plant ‘‘con- 
trols’’ or has a réle in the absorption of HPO, by root cells is questionable. 
The consistency of the results obtained in this investigation, however, would 
indicate that ion interaction, as it is correlated with a net effect, is general. 
Obviously, under different experimental conditions the magnitude and direc- 
tion of these interactions will differ. The fact that only 50 per cent. of the 
observed variability in some instances can be accounted for by variations in 
macro-nutrient cations supplied to plants would indicate that other variables 
which were not considered in this experiment may be of primary importance. 
It is possible that the apparent interactions obtained here are of a more com- 
plex nature since interactions with those factors of nutrient supply which 
were not varied in this experiment are in no way eliminated. 

Discussion of ion absorption by plants from soils is complicated by the 
relative degree of saturation of a clay particle with any particular ion as 
well as the nature and degree of saturation of the clay particles with other 
ions. JENNy and Ayers (12) have shown, for example, that the exchange- 
ability of absorbed potassium is proportional to its percentage saturation of 


the exchange capacity of the colloid. This relationship was greatly affected 
by the nature of the complementary ion. Although a direct translation of 
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the results obtained in solution culture to conditions in any soil is thus not 
possible, an interpretation of the composition of plants in terms of a soil’s 
characteristies and the fertilizer applied can only be made with a considera- 
tion of the relationships demonstrated in this investigation. Thus, Peecu 
and BRADFIELD (16) in their analysis of the Ca—K or Me—K interactions in 
soils have logically assumed that plants absorb the greater part of their 
nutrient cations from soil solution. It is instructive to note furthermore 
that many findings in soil investigations agree with the observation that ion 
absorption is controlled by interactions either in relation to adsorption on 
the colloid or to absorption by the plant. Thus, an inverse relationship be- 
tween potassium and calcium has often been noted in fertilizer experiments. 
The addition of any salt to the soil that would displace one of the adsorbed 
ions from the colloid would upset the existing ratio of ions in the soil solution 
and consequently influence the uptake of one or more ions by the plant. An 
excellent example of ion interaction in soils may be found in the report of 
KELLOGG (13) who obtained a marked phosphorus response in barley when 
he applied magnesium to the soil. This might be interpreted by the mag- 
nesium-phosphorus relationship reported in this paper. 

In this experiment relatively large differences between treatments with 
respect to growth and fruitfulness could be correlated with the nutrient 
supply (11,14). The statement to the effect that ascorbic acid content was 
not appreciably altered by changes in the relative proportions of the macro- 
nutrient ions supplied to the plant (11) becomes increasingly significant 
since differences in the composition of the nutrient solution resulted in differ- 
ences in the mineral composition of fruit. 


Summary 


1. An inbred strain of Bonny Best tomatoes was grown in sand culture. 
The effects of nutrient solutions varying in the relative proportions of 
macro-nutrient cations were studied in relation to the mineral composition 
of leaflet and fruit material. The data were reduced and analyzed by sta- 
tistical methods. 

2. Variations in the relative proportions of macro-nutrient cations sup- 
plied in the nutrient medium resulted in large differences with respect to 
mineral composition of both fruit and vegetative material. 

3. The composition of plant tissue was found to be correlated with the 
composition of the nutrient medium. 

4. The concentration of any given element in plant tissue was in many 
instances not only correlated with the supply of that element alone in the 
nutrient medium, but also with the supply of other ions. The results 
obtained with leaflet material show: 

a. Calcium concentration to be positively correlated with Ca** supply 
and negatively correlated with K* supply. 

b. Potassium concentration to be positively correlated with K* supply 
and negatively correlated with Ca** supply. 
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ce. Magnesium concentration to be positively correlated with Mg* 
supply and negatively correlated with Ca* supply. 

d. Phosphorus concentration to be positively correlated with Mg* 
supply. 

e. Neither nitrogen nor sulphur concentration was significantly corre- 
lated with the supply of any macro-nutrient cation. 
5. The results of fruit analysis show: 

a. Calcium concentration to be positively correlated with Ca** supply. 

b. Potassium concentration to be positively correlated with K* supply. 

ce. Magnesium concentration to be negatively correlated with Ca** 
supply. No significant correlation with Mg** supply was observed. 
6. When the relative amounts of leaflet and fruit material produced on 


each plant were considered, the total uptake of a given element by these 
tissues showed the same trends as those observed for the coneentration of 
that element in the tissue. 
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ABSORPTION OF CARBON DIOXIDE BY MAIZE! 
J. VERDUIN AND W. E. Loomis 
( WITH SIX FIGURES ) 


Zea mays is the most important crop plant in North America and one of 
the more efficient plants of the world in dry matter production. In spite of 
the economic importance of the plant and its adaptability to physiological 
experimentation, the authors have been unable to locate any published 
studies of photosynthesis in the plant beyond those of Mruier (13), in which 
the indirect methods of leaf-punch weights and chemical analyses were used. 
In the present study a modification of HEINICKE’s method (7) was employed, 
which the recent work of Smrra (18) has shown to be a direct measure of 
carbohydrate synthesis as well as convenient and free from errors of leaf 
shrinkage and carbohydrate translocation. 

Although little has been published on photosynthesis in the maize plant, 
many papers on the effect of environmental factors on photosynthesis are 
available. EMeErson (3) has worked on the effect of light intensity and 
temperature. Hoover, JOHNSTON and BrAcKketr (8) have shown the inter- 
dependence of light intensities and CO, concentrations. GABRIELSEN (4) 
found the saturation intensity for single, exposed leaves to be about one- 
third of full sunlight. Tests with entire large plants, such as apple trees 
(6), or with compact groups of plants (21), however, indicate increased CO, 
absorption up to maximum sunlight intensities. Increased illumination and 
assimilation in shaded portions of the plants affect the light response in these 
experiments. 

The temperature curve for CO, absorption under controlled conditions 
(3, 11) indicates that chemical reactions limit the over-all rate of the process. 
Results are complicated by side reactions and secondary effects, however, 
particularly under field conditions (5, 9, 17, 19). 

Wilting is assumed to check or stop photosynthesis although the data on 
the problem are variable. SCHNEIDER and CuILpers (16) observed that CO. 
absorption dropped to 13 per cent. of normal when apple trees were held 
in soil at the wilting percentage. Mircuen. (14) found that stomata of 
Cineraria apparently were closed before wilting occurred, but a rapid drop 
in CO, absorption was obtained only after the onset of visible wilting of the 
leaves. Pelargonium and Lycopersicon were not studied in the wilted con 
dition, but apparent stomatal closing without wilting did not markedly de- 
erease CO, absorption. Dastur (2) found that CO, absorption decreased 
with a drop in the water content of leaves, and NutMAn (15) observed that 
stomata of unwilted coffee leaves closed in full sunlight, reducing CO 
absorption. 

1 Journal paper no. 1145 of the Iowa Agricultural Experiment Station, Project no. 
545. The authors are indebted to Dr. O. A. LEONARD for preliminary tests of apparatus 
and methods, and for the data on the effect of sugar accumulation. 


278 








VERDUIN AND LOOMIS: ABSORPTION OF CARBON DIOXIDE 279 


Methods 


The apparatus used for measuring rates of CO, absorption was essen- 
tially that of Hetnicke and HorrMan (7) with small modifications in equip- 
ment and technique. Three units were operated simultaneously ; one mea- 
suring the CO, content of a stream of normal air, and two measuring the 
CO, content of air streams which had been drawn over enclosed maize leaves. 

A unit of apparatus is diagrammed in figure 1. The cellophane envelope 
A encloses a measured area near the center of a leaf which is in contact with 
the moving air stream. The CO, remaining in the air is absorbed as the 
stream bubbles through a column of NaOH solution in the glass tower D. A 
Jena G, fritted glass filter C serves to break the air stream into small bubbles 
rendering CO, absorption 97 + per cent. complete. The flow meters H were 
calibrated to pass 95.09 liters of air per hour at 19.5° C., and all tests were 























Fic. 1. Diagram of apparatus. See text for description. 


made at this rate of air flow. The air reservoir G prevents sudden changes 
in suction, and the safety tube F catches any alkali which may be accidentally 
drawn over. Suction for the system was provided by a rotary pump and 
regulated by means of the mercury by-pass J. 

Before beginning a test the pump was started and a funnel, E, of dis- 
tilled water was let down into each tower. Connections were inspected for 
leakage, flow meters adjusted, cellophane envelopes fitted over test leaves, 
and the enclosed areas measured. Fifty ml. of 0.1 N NaOH was pipetted into 
each funnel, the alkali let down into the towers, and the time recorded as 
the beginning of the test. The funnels were then rinsed with distilled water, 
making a volume of about 250 ml. or a twenty-four-inch column in each 
tower. During the test period, usually of one hour’s duration, the appa- 
ratus was carefully watched to maintain constant air flow through each 
tower and to guard against other errors in manipulation. Routine checks 
of the CO, content of free air were run to insure a variation among towers 
of less than 5 per cent. 
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At the end of a test the pump was shut down and the envelopes removed 
from the leaves. The NaOH solutions ran into the flasks B at the base of 
each tower and were transferred, with hot water rinsing of tower and flask, 
to 500-ml. Erlenmeyer flasks. The absorbed CO, was then precipitated by 
adding 30 ml. of 0.2N BaCl., and the remaining alkali was titrated with 
standard HCl, using phenolphthalein as indicator. CO, absorption was cal- 
culated from the titration differences between test and control towers. 

Light intensities were measured with a Weston photometer exposed in 
the plane of the leaf. Readings for light and temperature were taken at the 
beginning and end of each one-hour test period. With fluctuating condi- 
tions several readings were taken during the hour and their average used. 


Results 
VARIATION IN RATES OF CO, ABSORPTION 


The rates of CO, absorption observed in laboratory experiments under 
controlled conditions usually have been fairly uniform and have shown 
rather characteristic responses to variations in temperature, CO, supply, 
and light intensity. But studies under more nearly natural conditions have 


TABLE I 


VARIATIONS IN CO, ABSORPTION UNDER SIMILAR CONDITIONS. 
DATA ARE GM. CO,/M.?/HR. 








| 








PAIRED aa PAIRED RS Sosy PAIRED ay 
LEAVES P ae ga LEAVES : — | LEAVES : — 
(700- ieee yo ee oe ee, et 
2500 fe) VARIATION 10000 fe) ARIATION 10000 fe) ARIATION 
% % % 
0.993 41 1.297 3 2.022 58 
1.403 1.261 3.204 
0.418 20 2.23 54 1.423 90 
0.503 1.451 2.710 
0.431 33 2.188 1 1.157 29 
0.572 2.209 1.498 
1,019 23 1.121 38 1.994 9 
0.828 1.547 2.175 
1.131 17 1.322 10 2.386 33 
1.325 1.455 1.789 
1.298 10 1.904 43 2.703 30 
1.183 1.329 2.080 
1.751 32 1.906 25 2.080 12 
2.314 1.529 2.327 
0.509 1 1.763 2 2.441 2 
0.514 1.798 2.488 
0.927 3 2.493 24 2.546 18 
0.904 2.008 2.165 
0.697 54 1.641 25 2.158 30 
0.452 2.047 1.657 
1.467 + 1.473 21 2 670 3 
1.519 1.781 2.587 
1.180 28 1.694 8 1.879 63 
1.507 1.574 1.153 
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frequently yielded widely variable responses that could not always be at- 
tributed to changing external factors. Maximov (12) found tests under 
apparently identical conditions varying as much as 139 per cent. HEINICKE 
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Fig. 2. Regression of CO, absorption on light intensity—1939 data. Left, intensi- 
ties below 2500 fe; r=0.82. Right, intensities above 3000 fe; r=0.06. A light satu- 
ration value of about 2500 fe is indicated. 


and Horrman (7) found similar variations of as much as 500 per cent. 
Kostycuev et al. (9), ScHoper (17), and Hetnicke and HorrMan all re- 
port instances of CO, evolution under conditions apparently favorable for 
photosynthesis. 
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In the studies reported here two leaves were tested simultaneously. 
These were treated alike in every respect; they were on plants of the same 
hybrid yariety ; frequently they were on the same plant. Results obtained 
from such paired leaves would normally be regarded as tests under similar 
conditions. Table I shows a number of such paired observations taken at 
random from our data. Variations of 10 to 30 per cent. were the rule, with 
an average of 25 per cent. for the 36 pairs of observations; variations of 50 
per cent. were frequent, and variations approaching 100 per cent. were ob- 
served. Variations were as frequent and as large between leaves of the 
same plant as between leaves on different plants; on the same plant, leaves 
below the ear shoot vielded higher values than upper leaves as frequently as 
not. During two summers, however, CO, evolution under light intensities 
favorable for photosynthesis was never observed. 


LIGHT INTENSITY AND CO, ABSORPTION 


Light intensities varied normally with the time of day and with cloudi- 
ness. Additional data were obtained with shades of varying density. All 
determinations in which the light intensity for a one-hour period was nearly 
constant are thrown together in figures 2 and 3. The scatter diagrams, par- 
ticularly of the 1939 data, suggested a sharp break in the correlation between 
light intensity and CO, absorption near 3000 fe. The data were accord- 
ingly arbitrarily divided into a group with light intensities of less than 2500 
fe and a second group with intensities of more than 3000 fe. A few inter- 
mediate readings were discarded. Regression and correlation coefficients 
were then determined for the groups separately. 

The correlations between light intensity and CO, absorption were highly 
significant in both seasons for light intensities below 2500 fe, with r values 
of 0.82 and 0.78. At the higher light values, however, the correlations of 
0.06 and 0.11 were not statistically significant. The regression coefficients, 
b = 0.048 and 0.068, show the gains of CO, absorption in gm./m.*/hr. from 
each added 100 fe of light. At the higher light intensities the correspond- 
ing gains were 0.001 and 0.005, with no statistical significance. The arti- 
ficial division of our data must be emphasized. If all data points were 
plotted together they would give a curvilinear regression with less resem- 
blanee to a so-called limiting factor curve (1). The figures do indicate, how- 
ever, that light intensities above 3000 fe are of questionable value in CO, 
absorption by fully exposed leaves of maize. Similarly, if the regression 
coefficients for the lower light range are divided into the average readings 
for the higher range they give values of 2600 to 2900 for the caleulated 
maxima. Data obtained by LEoNARD in 1938 showed the same light response. 
It is significant in this comparison that ground-level light intensities under 
fully grown maize are 30 to 40 per cent. At normal planting distances and 
full sunlight, we may expect, therefore, that photosynthesis will not be lim- 


ited by light intensity in any of the leaves of the plants. 
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The higher average value of 1940, 1.74 gm./m.*/hr. against 1.42 gm. in 
1939, is attributed to a greater number of readings on younger leaves with 
For comparison with published rates of 


their higher rates of assimilation. 
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eally significant. 


Right, 


intensities above 3000 fe; 


0.1] 


and 


not statisti- 


photosynthesis in other plants, the average glucose produced was 0.97 and 


1.19 em. /m.?/hr. 


Minter (13) for maize. 





The first figure is identical with the value obtained by 
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TEMPERATURE AND CO. ABSORPTION 


Under controlled conditions and at median temperatures, photosynthesis 
commonly shows a temperature coefficient of 2 +, characteristic of a chemica| 
reaction (3,11). Under more natural conditions temperature effects tend 
to be obseured by other factors and complicated by the rapidly changing 
temperatures of insolated leaves. All readings for the two seasons obtained 
with more than 4000 fe of light were thrown together for a study of the 
effect of air temperature on CO, absorption by maize. Outside air tempera- 
tures ranged from 18.5 to 33.6° C., but temperatures within the cellophane 
envelopes were 5 to 10° C. higher, and leaf blade temperatures were prob- 


TABLE II 


ABSORPTION OF CO, BY TURGID AND WILTED LEAVES. 
DATA ARE GM. CO,/M.?/HR. 


WILTED AS A 
TURGID WILTED DIFFERENCE PERCENTAGE 
OF TURGID 


132 0.97 0.31 76.0 
1.99 0.17 1.82 8.5 
1.86 0.00 1.86 0.0 
1.48 0.65 0.83 44.0 
1.46 1.27 0.19 87.0 
1.36 0.78 0.58 57.0 
1.52 0.27 1.25 18.0 
1.46 0.24 1.22 16.0 
1.80 0.87 0.93 48.0 
1.90 0.52 1.38 27.0 
1.82 0.35 1.47 19.0 
1.29 0.06 1.23 4.6 
1.72 0.69 1.03 40.0 
1.64 0.93 0.71 57.0 
1.75 0.52 1.23 30.0 
1.25 0.58 0.67 46.0 
2.08 1.39 0.69 67.0 
1.66 0.82 0.84 49.0 
1.70 0.77 1.93 45.0 
1.93 0.63 1.30 33.0 
2.08 0.62 1.46 30.0 
x = 1.67 x = 0.62 5: -1.04 x = $7.) 


ably higher still. Correlation between air temperature and rate of CO. 
absorption was not significant. When the data were divided into three 
groups, 18.5 to 25, 25 to 30, and 30 to 33.6° C., the mean CO, absorption rate 
for 73 tests below 25° C. was 1.63; the mean for 85 tests between 25 and 
30° C. was 1.81, and for 46 tests above 30° C. was 1.62 gm./m.2/hr. The 
rates at the medium temperatures were highest, suggesting possible retard- 
ing influences of low and high temperatures, but statistical analyses did not 
indicate that any of the differences were significant. Considering the fact 
that leaves in the above-30° group were subjected to temperatures near 40°. 


it seems surprising that no significant reduction in CO, absorption was 
evident. 
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THE EFFECT OF WILTING ON CO, ABSORPTION 


S Tests were made to determine the effect of visible wilting on the rate of 
] CO. absorption. In these experiments plants were grown in large wooden 
boxes standing in the center of the experimental plot. The soil in these 
y boxes dried more rapidly than field soil, and thus wilted plants could be 
obtained for comparison with turgid plants in the field. The only criterion 
used to determine wilting was outward appearance, and in each test a visibly 


wilted leaf was paired with an apparently turgid leaf. No attempt was 
made to judge degrees of wilting although differences were evident. 

The data from twenty-one such tests, with differences between paired 
leaves, are included in table II. There were wide variations in the rates 
exhibited by visibly wilted leaves. Some showed rates of CO, absorption as 


TABLE Ill 


ADSORPTION OF CO, DURING WILTING AND RECOVERY. 
DATA ARE GM. CO,/M.2/HR. 


DRY AS A PERCENT- 
AGE OF WATERED 


TIME WATERED DRY PLANT 


July 4th 
7 


: 30 a.m.* 1.46 1.27 87 
9: 00 1.36 0.78 57 
10: 30 1.52 0.27 18 
1: 30 P.M. 1.46 0.24 16 
4:45 1.90 0.52 27 
July 5th 
8:30 A.M, 1.82 0.35 19 
10: 00 1.29 0.06+ 5t 
11: 30 1.72 0.69 40 
2:00 P.M. 1.20 21 101 


* Times noted are beginnings of one-hour test periods. 

+ Plant watered at beginning of this test. 
high as 1.27 and 1.39 gm. per square meter per hour; while one showed no 
CO, absorption. The mean value for twenty-one turgid leaves was 1.67 gm. 
and for twenty-one wilted leaves was 0.62 gm., or 37 per cent. of the controls. 

The course of CO, absorption in a wilted leaf during two days is shown 
in table III. The ‘‘dry plant’’ data are all observations on the same leaf. 
At 7:30 a.m. on July 4th this leaf appeared turgid and the test showed little 
reduction in rate. Visible loss of turgor was accompanied by increasingly 
serious reduction. The box was watered at 10:00 a.m. on July 5th to ob- 
serve recovery, which was apparently complete within four hours. The data 
of table III are presented graphically in figure 4. 


RELATION OF POROSITY OF LEAVES TO CO, ABSORPTION 


In an attempt to determine whether the drop in CO, absorption with 
wilting was caused by stomatal closing or by internal changes within the 
leaf, porosity tests with a conventional porometer were compared with CO, 
absorption rates. A rubber tube with an internal area of 0.32 sq. em. was 
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Fig. 4. Carbon dioxide absorption by normal and wilted leaves, showing recovery 
after watering. 


sealed with a plastic wax to the lower surface of the leaf to be tested, and the 
time recorded for 1.22 cu. em. of air to pass through the leaf under a pressure 
drop of 12 to 7 inches of water. 

The porosity of apparently turgid leaves varied widely and changed 
rapidly, especially under changing light conditions. For example, the time 
for a 5-inch drop changed from 1.8 seconds to 36.1 seconds during a five- 
minute period when a cloud hid the sun; frequently the test taken before 
a one-hour photosynthesis test period varied from that taken immediately 
after the period by 20 to 40 seconds. Time differences ranging from 20 to 
40 seconds were not associated with corresponding differences in CO, absorp- 


TABLE IV 


POROSITY AND CO, ABSORPTION OF PAIRED MAIZE LEAVES 

LEAF WILTING POROSITY CO, 
am. 

la 3 x 0.17 
lb 2 54 0.93 
-a 2 oSU 0.18 
2b ] 65 0.60 
3a 2 600 0.56 
3b 0 4 1.8] 
4a 2 125 0.62 
4b 0 6 2 O8 
a 2 8 0.82 

5b 0 Yi 1.25 
6a 2 x LZ 
6b i) 15 2 2 


122 
Do 


ib 8 1.64 


s 
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tion rate. Time for a 5-inch drop usually was less than 15 seconds for ap- 
parently turgid leaves in sunlight. 

In visibly wilted leaves a distinct decrease in porosity was noted as well 
as the decreased absorption rate previously discussed, but the decrease in 
CO, absorption was not proportional to the decrease in porosity. Table IV, 
comparing porosity and CO, absorption, shows seven pairs of leaves having 
widely different porosities. All tests were made under good light conditions, 
and the two leaves of the pairs were tested simultaneously. Porometers 
were attached to the same leaves, and near but not on the area enclosed for 
CO, absorption. Degree of wilting, obtained by appearance and by the 
amount of water vapor collecting on the cellophane envelopes, is indicated 
by 0 for none and 1 to 3 for moderate to severe. Porosity is given as seconds 
for the water column to drop 5 inches (1.22 cu. cm.), except nos. la and 6a in 
which no drop was observed in 100 seconds. 

The leaves of the (a) group showed the most wilting, the least poros- 
ity, and the lowest rate of CO, absorption. The correlation between 
porosity and CO, absorption, however, obviously was not close; results such 
as those obtained with leaf 6a, which showed no porosity but a good rate of 
CO, absorption, suggest that the measured porosities may have varied from 
those on the absorbing area of the leaves. Insofar as the tests are valid, 
they indicate the action of internal factors, as well as stomatal closure, in 
wilted leaves. 


THE EFFECT OF SUGAR ACCUMULATIONS ON CQO. ABSORPTION 


If photosynthesis is a partially reversible process, as has sometimes been 
assumed, the accumulation of the end products in the leaves should reduce 
CO, absorption. Such accumulation is easily obtained in maize by bagging 
the developing ears to prevent pollination. With this treatment, leaf-blade 
sugar concentrations of more than 10 per cent., three or four times normal, 
were obtained. Surprisingly the effect of the treatment seemed to be to 
inerease rather than to decrease net CO, absorption. At no time was the 
average absorption by the high sugar leaves less than that of the controls; 
two to four weeks after silking the thriftier, darker, green leaves of the non- 
fruiting plants showed significantly higher absorption than the controls. 
One of the authors (10) has shown that bagged, non-fruiting plants do not 
accumulate as much dry matter in the tops as do the fruiting controls (grain 
included). Several field tests failed to show markedly higher respiration 
rates for the high carbohydrate plants, and with photosynthesis rates equal 
to or better than the controls, only translocation to the roots seems to be 
available as a means of disposing of the surplus photosynthate. 


THE CO, CONTENT OF AIR 


The CO, content of the air is not a static value, as is shown by analyses 
made at different times and places, but the figure now generally accepted as 
an approximate average is 0.03 per cent. by volume, or 0.594 mg. of CO. 
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per liter of air. Hericke and Horrman (7) found an average CO, content 
of about 0.50 mg./l. They observed marked fluctuations from day to day 
and usually found lower values in the afternoon than in the morning. They 
obtained exceptional values as high as 0.81 and as low as 0.35 mg. per liter. 
Their data show a decrease in CO, content during summer months, but they 
do not comment on this trend. Since their tests usually were of four hours’ 
duration, their data contain no information on hourly finctuations. Harper 
et al. (5) report that CO, content of air in the Sahara desert was constant 
between 0.029 and 0.030 per cent. They also report that soil respiration 
was negligible. Stocker (20), studying CO, content of air in the Buiten- 
zorg gardens (West Java), found daily trends similar to those shown in the 
present report, but averages usually were above 0.594 mg. per liter. 
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Fic. 5. Diurnal variations in the CO, content of field air. Midday values in a field 
of maize were 75 per cent. of the normal 0.59 mg./I. 


The experiments here presented were not designed to study this problem 
specifically, but the control tower, sampling air from the field at a height 
of about 1 meter during each test, measured its CO, content for that hour. 
The data thus obtained indicated that the 0.594 mg./1l. (0.03 volume per 
cent.) value was seldom obtained during daylight hours in air taken from 
among large maize plants. The mean value for fifty-three tests calculated 
from the 1939 data was 0.488 mg. of CO, per liter of air. The mean value 
for 203 tests made during the 1940 season was 0.482 mg. Fluctuations from 
day to day also were observed, but they were less striking than the fluctua- 
tions from hour to hour. Figure 5 presents graphically the trend of such 
fluctuations. The points on each curve represent tests made on successive 
hours of the same day. The downward trend during early morning hours 
was a common occurrence. The 0.80 mg. value of August 27th was the high- 


est obtained in the two years, and the 10: 15 a.m. test for that day was down 


to 0.455 mg. The levelling of the curve in late morning and afternoon was 
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the most constant characteristic of these data. Erratic fluctuations were 
sometimes obtained, particularly during and after rain storms when the CO, 
content dropped to a low value during the storm and rose, usually to above 
normal, a few hours afterward. Normal air movement was surprisingly in- 
effective in raising the CO, content of air among the plants, possibly because 
of insufficient turbulence to mix surface air with higher strata. 


THE EFFECT OF CO, DEPLETION UPON ABSORPTION 


The assumption is generally made that the CO, content of air is too low 
by several times for maximum rates of photosynthesis (8). If the normal 
content is low, the mid-day field level of 20 to 40 per cent. below normal 
shown in our analyses might be an important factor limiting rates of photo- 
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Fic. 6. Regression of carbon dioxide absorption on residual CO, content of air 
sample. The data indicate efficient absorption, even with residual CO, contents one-third 
of normal. 


synthesis. HEtINIcKE and Horrman (7) found evidence that CO, absorption 
of apple was decreased by depletions of as little as 10 per cent.; they recom- 
mended an aeration rate of not less than 2 1/em.*/hr. to insure maximum 
rates of photosynthesis. This is double the rate usually recommended (9) 
and four times the rate found limiting by Leonarp in preliminary tests on 
maize. 

In the tests reported here leaf areas of 70 to 130 sq. em., averaging 90 sq. 
cm., were used with an air flow of 951. per hour. Under these conditions de- 
pletions of as much as 70 per cent. were obtained, and with 4000 fe or more the 
average depletion was 35 per cent. Attempts to determine the effect of such 
depletion on absorption rate are complicated by the fact that CO, depletion 
was not an independent variable. If leaf area tested remained constant, 
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depletion was a linear function of absorption. Since, however, leaf areas 
did vary by nearly 100 per cent., and initial CO, content of the air by a like 
figure, it is possible, by comparing CQO, absorption per unit area with the 
weight of CO, remaining unabsorbed, to make depletion take on some of the 
aspects of an independent variable. 

In figure 6 the CO, absorption rates of all 1939 and 1940 tests in whieh 
the light intensity was 4000 fe or more are plotted against mg. of CO, per 
liter of air after absorption. The data were divided arbitrarily into three 
groups: plus 0.25; 0.25 to 0.35; and 0.15 to 0.25 mg. CO, per liter. The 
dependence of CO, depletion on absorption rate is reflected in the negative 
slope of the regression lines. The greater regression (b = 0.067 against 
0.056) with the higher residual CO, values is evidence that maximum rates 
of photosynthesis were not obtained with the greater depletions. On the 
other hand, the differences were small, and the regressions for the two lower 
groups were identical (0.0554 and 0.0557). Two absorption values above 
3.0 gm. are interesting. The 1939 determination had a low depletion by 
virtue of an initial CO, content of 0.64 mg./1. A fully mature leaf with an 
area of 81 sq. em. was used on August 4th. The 1940 reading was made with a 
young leaf on June 20th. Area was 85 sq. em., and initial CO, content of air 
0.49 mg./l. With a depletion to 0.18 mg., the average CO, content of the 
air passing over the leaf was less than 60 per cent. of normal, and the final 
CO, value was 30 per cent. of normal. The rate of photosynthesis in this leaf 
was more than double the usual ‘‘good’’ rate. Taken together, the data of 
figure 6 indicate that maize leaves are able to absorb CO, rapidly from badly 
depleted air, and that the low regressions with the high light intensities in 
figures 2 and 3 were not evidence of limiting CO, but of light saturation. 


Discussion and summary 


The gas stream method of measuring photosynthesis by CO, absorption 
has the advantages of eliminating translocation errors and of permitting the 
use of the same leaf segment for successive experiments. The principal 
difficulties encountered were in the accurate metering of the air flow through 
the several trains and the uniform subdivision of the stream in the absorp- 
tion towers. These difficulties plus natural variation gave an average dif- 
ference of 20 to 30 per cent. between duplicate determinations and obscured 
small experimental differences. 

With large numbers of determinations, however, it was not diffieult to 
show that the light saturation value for fully exposed maize leaves was in 
the neighborhood of 2500 fc, or 25 per cent. of full sunlight. This light 
intensity may be obtained on the ground under well-grown maize, suggesting 
that mid-day light intensities with full sun are fully adequate for all leaves 
of this plant. 

Air temperatures between 18 and 34° C. were not significantly correlated 
with rate of CO, absorption. Only determinations with light intensities 


above 4000 fc were used for this correlation, but other factors were uneon- 











ie 





VERDUIN AND LOOMIS: ABSORPTION OF CARBON DIOXIDE 291 


trolled. There was a suggestion in the data that air temperatures of 25 to 
30° C. gave the highest rate with deéreases at both higher and lower tempera- 
tures, the differences being largely masked by variability of the data. The 
recorded temperatures were air temperatures. Thermometers within the 
cellophane envelopes with the leaves showed temperatures 5 to 10° C. higher 
than the air, and it is probable that thermocouples inserted within the meso- 
phyll would have shown still higher readings. Under such conditions it is 
worthy to note: first, that an indication of decreased rates with air tempera- 
tures of less than 25° C. was obtained ; and second, that a more serious drop 
was not obtained with the higher air temperatures. One might postulate 
that optimum leaf temperature for photosynthesis in maize over one-hour 
periods is above 35° C. 

When visibly wilted and unwilted leaves were compared, the wilted 
leaves always gave the lower CO, absorption values. A range of 0 to 87 per 
cent. of the controls was obtained in wilted leaves, with an average for 21 
experiments of 37 per cent. The drop in rate of absorption with wilting 
was gradual, and readings of less than 10 per cent. of normal were obtained 
only with badly desiccated leaves. 

Porometer readings on the same leaf, but not on the area enclosed for CO, 
absorption, indicated low porosity for wilted leaves. The correlation be- 
tween porosity measurements and CO, absorption rates was not close, how- 
ever, and the action of factors other than stomatal closure in wilting leaves 
was indicated. 

Bagging the silking ear shoots of maize plants to prevent pollination 
resulted in increases of 200 to 400 per cent. in the sugar content of the leaf 
blade tissue, but did not decrease rates of CO, absorption. These results 
indicate that photosynthesis in maize is not inhibited by the accumulation of 
end products. 

The CO, content of the air in a small area of maize at a level of 10 to 12 
dm. showed a characteristic and rapid drop during photosynthesis from a 
night value of 0.55 to 0.80 mg. per liter to a day time level close to 0.45 mg. 
Air movement and soil moisture had some effect upon the CO, content of 
the air, but photosynthesis appeared to be the most important factor at 
these altitudes. 

With free air around the plants depleted 25 per cent. below its average 
CO, content, depletion within the cellophane envelopes covering test sections 
of the leaves reached 70 per cent. of normal. Photosynthesis was affected 
surprisingly little by these low values. The highest rate of CO, absorption 
observed was obtained with a residual CO, content of less than 0.2 mg. CO, 
per liter of air. 
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GROWTH RESPONSES OF HEMP TO DIFFERENTIAL SOIL AND 
AIR TEMPERATURES 


CLARENCE H. NELSON 
(WITH THREE FIGURES) 


Introduction 


Recent studies of physiological ontogeny in plants have revealed a num- 
ber of significant interrelationships among different plant organs. Con- 
siderable knowledge of the formative effect of one organ upon another 
during the course of development has been obtained by exposing various 
parts of the plant to contrasted environmental conditions such as differences 
in photoperiod or temperature. In studies of this kind, however, observa- 
tions have usually been confined to responses of the shoot with only inci- 
dental attention to the root. Though the effect of temperature upon develop- 
ment has been repeatedly studied, entire plants have commonly been exposed 
to different temperatures in such a manner that it has been difficult, if not 
impossible, to determine whether variations in formative response were 
primarily due to the effect of a given temperature upon the root or upon 
the shoot. In order to determine whether a given temperature exerted its 
characteristic formative and metabolic effects primarily through the root or 
through the shoot, a growth experiment employing a rapidly developing 
annual with tops and roots exposed to unlike temperatures was devised. 
Ordinary hemp, Cannabis sativa, was selected as test material, not only 
because of its experimental convenience and known sensitivity to tempera- 
ture, but because of current interest in its response to the low temperatures 
of the northern latitudes in which commercial hemp production is at present 
being developed. A record of structural development was maintained from 
the time of germination to maturity, and the various formative responses 
were correlated with salt and water intake. 


Procedure 


The experiment consisted of two parts, performed sequentially. In the 
first part (A), employing an unselected strain of the native hemp, Cannabis 
sativa, the course of structural development, water, and salt intake was 
traced in a population comprising both sexes in the usual proportions. In 
the second portion of the experiment (B), employing a selected strain of 
commercial Kentucky hemp, plants were studied individually in order to 
observe nutritional as well as structural differences distinguishing staminate 
and pistillate individuals. Apart from differences in number of plants per 
eulture and in variety of hemp used, experimental conditions were essen- 
tially comparable in both portions of the experiment. 

In part (A) of the experiment, seedlings of native lowa hemp were trans- 
planted from sand flats 11 days after germination to two-gallon glazed jars 


204 











NELSON : GROWTH RESPONSES OF HEMP 295 


each containing two kilograms of acid-washed, solute-free quartz gravel of 
1. to j-inch size. Three plants were placed in each of 72 jars to which had 
been added (through 2?” pyrex glass tubes extending to the bottom) three 
liters of 0.01 per cent. concentration of WrrHrow’s nutrient solution for 
moderate light (22). A division into four different temperature series of 
18 jars each was then made as follows: 

1. Top and root both maintained at 30° C., designated as H/H. 

2. Top temperature at 30°, root temperature at 15° C., designated as H/L. 

3. Top temperature at 15°, root temperature at 30° C., designated as L/H. 

4. Top and root both maintained at 15° C., designated as L/L. 

To avoid undue shock to the young seedlings, the above temperature 
differentials were achieved gradually during the first four days after trans- 
plantation. 








Fig. 1. Experimental set-up showing: (a), H/H series; (b), H/L series; (¢), L/H 


series; (d), L/L series. 


The H/H and H/L groups were placed in a greenhouse room whose air 
temperature was kept at 30° C. by thermostatically controlled steam heat. 
To obtain a low root temperature for the HL plants, their jars were encased 
in a specially designed insulated bench (fig. 1), the temperature inside of 
which was thermostatically maintained at 15° C. by means of a Frigidaire 
compressor unit. The 15° differential in temperature thus occurred at the 
ground line or transition point from plant root to top. 

The L/H and L/L groups were placed in an adjoining cold room whose 
air temperature was maintained at 15° C. by means of thermostatically regu- 
lated heat. The L/H jars were encased in an electrically heated, insulated 
bench (fig. 1), the temperature inside of which was maintained at 30° C. by 
thermostatic control. 
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Temperatures were checked continuously by means of thermographs 
placed inside the insulated benches and in the two rooms to provide a con- 
stant 15° temperature differential. Slight diurnal air temperature vari- 
ations of brief duration were inevitable but a minimum 15° differential was 
nevertheless maintained at all times. A hydrograph placed in each room 
provided continuous records of relative humidity. The air in the two rooms 
was maintained at a mean relative humidity of 50 per cent. by daily spray- 
ing of the concrete floors with water as needed. 

The culture jars were completely drained twice weekly by siphoning and 
the quantity of residual solution was measured to provide an exact record 
of water consumption throughout the growth cycle (table I). To maintain 
the optimum nutrient supply it was necessary to replenish each jar with two 
liters of nutrient solution following drainage of residues. As growth pro- 
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Fig. 2. pH of weekly nutrient residues. Average pH of fresh nutrient solution 
added was 5.2. * Date of anthesis. 


gressed the concentration of the nutrient solution used was gradually in- 
creased to 0.02 per cent. In order to trace the general effect of roots on the 
hydrion concentration of the nutrient solution, the pH of the original stock 
solution and of the residues recovered at the time of renewal each week were 
measured electrometrically by means of a glass electrode (fig. 2). 

To provide a photoperiod favorable to vigorous vegetative development 
of the plants, the extremely short day length of this season of the year 
(October—January) was augmented by seven hours of daily supplemental 
illumination of approximately 300 fe intensity at pot level supplied by an 
automatically controlled battery of Mazda bulbs. This insured a daily 
16-hour photoperiod. The supplemental lighting was also provided during 
the daytime whenever the sky was overcast. A record of the sex of each 
plant in part (A) was made at the expiration of 82 days. The supple- 
mental lighting was then discontinued and at the end of the 99th day (fol- 
lowing 17 days of approximately 8-hour photoperiod provided by natural 
December daylight alone) another plant sex check was made to determine 
final sex ratios and percentage of sex-reversal in each of the four tempera- 
ture series (table II). 
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Continuous observation of leaf growth was made, a weekly leaf count 
and a daily record of leaf abscission was kept (table II). Leaf areas were 
determined by making blueprints of all the leaves from six typical plants, 
including approximately an equal number of each sex, in each of the four 
temperature series. The areas of the blueprint impressions were subse- 
quently computed by use of a planimeter and the data recorded as mean 
area per leaf in each series (table Il). Stem elongation was measured weekly 
and a comparison of stem diameters and internodal lengths was made at the 
end of the experiment (table IT). 


TABLE II 


MORPHOLOGY OF HEMP PLANTS IN FOUR TEMPERATURE SERIES OF PART (A); 
54 PLANTS IN EACH SERIES, AGE 99 DAYS 


| # HH | H/L L/H x L 








LEAVES 
Total number of leaves per plant 50 41 65 48 
Leaves abscissed in 99 days 14 12 s 10 
Intact leaves per mature plant 36 29 | 57 38 
Mean area per leaf (cm.’*) 5.5 5.7 | 10.4 10.7 
STEMS 
Diameter at basal node, mm. 2.7 7; aa 3.1 
Height in centimeters 60 57 | 47 49 
Number of nodes produced 3 28 | 16 18 
Internodal length, em. 1.9 2.0 | 2.9 2.8 
Sex Ratios 

Percentage male plants, 82nd day, 16-hr. photo 

period 50.0 41.5 4.2 3.8 
Percentage female plants, 82nd day, 16-hr. pho 

toperiod . ae saiecdueh ' 50.0 58.5 95.8 96.2 
Percentage male plants, 99th day, photoperiod 

shortened to 8 hrs. during last 17 days 64.0 56.5 52.0 45.5 
Percentage female plants, 99th day, photoperiod 

shortened to 8 hrs. last 17 days 36.0 43.5 48.0 54.5 
Percentage sex reversals, male to female be- 

tween 82nd and 99th days 9.5 0.0 0.0 0.0 
Percentage sex reversals, female to male be- 

tween 82nd and 99th days 24.0 15.0 48.0 41.5 


As a check on growth responses observed in the first portion of the 
experiment (part A), described above, and in order to obtain comparative 
data on a commercial variety of hemp improved by selection, Kentucky hemp 
was employed in the second part (B) of the experiment. As stated, in this 
second experiment cultures of one plant per jar were employed in order 
that weight, ash, and water requirements could be correlated with the sex 
of each plant. Seeds of Kentucky hemp for this portion (B) of the experi- 
ment were planted January 15, transplanted January 27, and subsequently 
exposed to temperature variables and otherwise treated as in (A). Four 
replicate samples comprising six plants, three of each sex, from each tem- 


perature series were comminuted and dried to constant weight at 105° C. 




















NELSON : GROWTH RESPONSES OF HEMP 299 


These samples were then ignited at low red heat and the ash weighed to 
constant weight. 
Data and discussion 


Plants in all four temperature series developed rather uniformly for the 
first four weeks, after which differences in growth began to be apparent. 
Variations in stem elongation, stem diameter, leaf size, texture, thickness, 
and color had become quite marked by the seventh week. Mean daily water 
consumption per plant increased progressively until anthesis at which time 
a sharp decline was noted in all series (tables I and III; fig. 3). In each 
instance a subsequent increase in water absorption occurred at the late 
flowering and seed formation stage. Coincident with reduced water intake 
a marked upward shift in pH of weekly nutrient residues was noted (fig. 2). 
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Fig. 3. Daily water intake of male and female hemp plants (B) during growth cyele. 
* Date of anthesis. 


H/H series 
At the seventh week of growth the mean stem length of plants in this 
series had surpassed all others by more than seven centimeters. These plants 
exhibited the greatest stem length and node number but smallest internodal 


length and stem diameter until maturity (tables II and IV). Though the 
smallest mean leaf area occurred in this series (table Il), plants of this 
group possessed the highest percentage of leaf ash (table V). It is also 


noteworthy that the H/H plants absorbed the greatest total quantity of 
water in their growth cycle in spite of their relatively small aggregate leaf 
area. The water absorption per unit dry weight of the entire plant (water 
requirement) was not only greatest in this series but it surpassed the two 
cold air temperature series (L/H and L/L) by more than two and one-half 
times (table VI). The water loss in milliliters per square centimeter of leaf 
area was more than twice that of the L/L series. This would suggest that 
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TABLE III 


MEAN DAILY WATER CONSUMPTION BY STAMINATE AND PISTILLATE HEMP PLANTS (B) 
AT DIFFERENT ROOT AND SHOOT TEMPERATURES 









































1943 MEAN WATER CONSUMPTION PER PLANT PER DAY 
H/H H/L L/H L/L 
FrRoM To —_—--—-- {| — — 
3 2 i. ao ee See Q 3 9 
— —_——_—————_-——+ 4————+}- 
ml. ml. ml. | ml. | mil. | mi. ml. mi. 
1/31-2/5 29 32 26 23 23 19 7 9 
2/5 -2/12 | 29 29 16 11 24 31 15 13 
2/12-2/19 40 43 17 19 27 26 19 16 
2/19-2/26 48 64 37 31 35 39 28 24 
2/26-3/5 92 94 65 51 58 49 36 35 
3/5 -3/10 78 aa 67 50 66 57 36 38 
3/10-3/16 100 | 108 76 58 83 70 61 63 
3/16-3 /22 94 | 90 73 66 94 80 58 65 
3/22-3/27 100 113 81 73 72 83 7 73 
3/27-4/2 122 121 75 76 132 107 90 101 
4/2 -4/8 122* 120 74° 84 107 79 55 76 
4/8 -4/15 104 87 69 65 93 78 52 68 
4/15-4/22 117 101* 74 63 98 80 61 77 
4/22-4/29 101 107 | 80 65* 94 78 66* 80 
Total water con- 
sumption per 
plant, mean 7452 7540 5182 4577 6290 5456 4109 4628 
| 














* Anthesis week. 


TABLE IV 


SEX DIFFERENCES OF FOUR TEMPERATURE SERIES OF HEMP PLANTS (B). AGE 106 DAys 











| 
H/H H/L L/H L/L 
— ————— 
| 38 9 : g ; g Ls 
No. of leaves per 
plant (mean) 34 71 31 51 41 52 39 | 40 
No. of nodes per plant 
(mean) 36 28 34 26 20 15 22 | 16 
Height of plant in em. 
(mean) 97 79 87 69 66 56 67 | 57 
Basal stem diameter 
in mm. (mean) 2.53 2.89 2.55 2.97 3.29 3.49 3.05 | 3.14 
Dry. wt. per plant in 
gm. (mean) 6.27 7.03 4.37 7.25 13.87 10.47 8.32 10.16 
Age of plants in 
days at anthesis 
(median ) 80 93 82 99 106 112 101 | 112 
Sex ratios (%) 60 40 33 67 27 73 27 | 73 
Total water consump- 
tion per plant (ml.) | 7452 7540 5182 4577 6290 5456 4109 | 4628 
Water requirement* 1188 1073 1186 631 454 520 493 456 





* Water requirement computed as total ml. water consumed by plant divided by total 
grams dry weight of plant. 
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rate of water absorption and transpiration may not be so much a direct fune- 
tion of aggregate leaf area per plant as of soil and air temperature. 
Reduced water supply to plants with lowering of the soil temperature 


was established experimentally by Sacus (21). 


ANALYSES OF HEMP PLANTS IN FOUR TEMPERATURE SERIES (B). 


TABLE V 


IN EACH SERIES, AGE 106 DAYS 








The subsequent works of 


MEANS FOR SIX PLANTS 





















































TEMPERATURE FRESH Dry Pi. Q- ASH —- wo 
SERIES WEIGHT WEIGHT at we. WEIGHT nae ork 
gm. gm. % mg. % 
LEAVES 
H/H 4.11 0.89 | 21.70 | 114.1 12.80 
H/L 3.75 1.01 26.82 94.8 9.40 
L/H 9.22 a: i ae 207.3 8.48 
L/L 8.24 2.21 |} 26.81 | 202.0 9.14 
UPPER STEM 
H/H 4.56 1.25 27.49 79.6 6.35 
H/L 3.42 1.00 9.34 74.1 7.39 
L/H 6.23 1.82 | 29.19 86.2 4.74 
L/L 6.35 1.73 27.18 97.6 5.66 
BASAL STEM 
H/H 8.11 2.96 26.50 80.5 2.72 
H/L 4.77 2.09 43.77 48.0 2.08 
L/H 12.64 5.04 39.83 129.0 2.53 
L/L 8.86 3.41 38.44 91.0 2.67 
ENTIRE TOP 
H/H 16.77 5.11 30.20 274.2 5.38 
H/L 11.94 4.10 34.37 216.9 5.29 
L/H 28.09 9.30 33.10 422.5 4.59 
L/L 23.44 7.34 31.35 390.6 5.33 
ENTIRE ROOT 
H/H 9.53 1.55 16.23 189.2 12.21 
H/L 10.66 jy 8 16.05 146.5 8.57 
L/H 21.39 2.86 13.39 301.2 10.52 
L/L 14.55 1.90 13.07 128.2 6.75 
ENTIRE PLANT 
H/H 26.31 665 | 25.25 163.4 | 6.95 
H/L 22.60 5.81 25.70 363.4 6.97 
L/H 49.49 12.17 24.60 723.7 5.94 
L/L 38.00 9.24 | 24.32 518.8 5.62 


ARNpT (1), DEMIDENKO and Barinova (6), Kramer (12, 13, 14) and Maxt- 


Mov (16) essentially agree that soil water viscosity is increased at lowered 


soil temperature, rendering less water available to plants. 


Lowered absorb- 


ing capacity of the roots is attributed to decreased permeability of root cell 


walls and protoplasm. 








These factors, together with retarded physiological 
. PS 
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activity at low soil temperature, result in slower root growth with the 
eventual production of a smaller root system. Maximov (16) makes a dis- 
tinction between heat-loving plants and those of the winter-cereal type, the 
latter being known to grow well in late autumn and early spring in spite of 
periodical frosts. This is in contrast to the sunflower, a warm-temperature 
plant (4), in which the critical ratio between transpiration and water absorp- 
tion was reached when the root temperature was lowered to 40° F. (4.5° C.). 
Amount of wilting increased with further lowering of temperature. Ddring 
(8), not confining his observations to one kind of plant, found that in 51 
different species water absorption decreased from 0.30 to 79.91 per cent. with 
a drop in soil temperature from 20° to 0° C. Growth was retarded 70 to 90 
per cent. in the species showing greatest absorption sensitivity. Seven spe- 
TABLE VI 


WATER REQUIREMENT AND ANABOLIC EFFICIENCY OF HEMP PLANTS IN FOUR TEMPERATURE 
SERIES (B). MEAN FOR 15 PLANTS IN EACH SERIES, AGE 106 DAYS 





H/H ny | 22) ae 














Leaf area per plant, sq. em. 253.3 234.9 | 275.5 317.5 
Total water absorbed per plant, ml. 7465 4774 5678 | 4489 
Total water loss per em.’ leaf area, ml. 29.5 20.3 20.6 14.1 
Mean dry wt. per plant, gm. 6.65 5.81 12.17 9.42 
Water requirement* 1120 921 466 486 
y » - 
Dry wt., mg. 26 25 44 29 
Leaf area, sq. em. 
Ash wt., mg. 

te 1.8 1.6 2.6 1.6 
Leaf area, sq. em. 
Dry wt.— Ash (mg.) 24 93 42 98 
Leaf area, sq. em. 
Top/root ratio, dry wt. 3.30 2.40 3.22 3.86 


* Water requirement computed as total water consumed by plant divided by total dry 
weight of plant. 
cies of plants, on the other hand, showed slightly increased absorption under 
the same conditions. 

Pereentage dry weight and ash of roots was highest in the H/H series 
(table V). While the roots of these plants comprised only a small percent- 
age of the fresh weight of the entire plant, their content of organic matter 
was relatively large. In the H/H male plants, the roots were coarse in tex- 
ture and relatively unbranched, while roots of female plants were finer in 
texture and considerably more branched. 

High temperature of both soil and air had the effect of abbreviating the 
life span and of increasing the amount of leaf abscission. These plants 
showed the earliest inception of anthesis and earliest senescence. Appear- 
ance of staminate flowers preceded the pistillate by approximately 11 days. 
The series as a whole flowered a week earlier than the H/L plants and three 


weeks earlier than the two low air temperature series. Increasing soil tem- 
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perature (23) from 22° to 34° C. accelerated heading of Marquis wheat by 
as much as 11 days, but soil temperatures above 34° C. retarded or prevented 
earing. A preponderance of male hemp plants occurred in the H/H series 
of both the (A) and (B) groups. In the first group (A), grown from 
Oetober to January with 16-hour photoperiod for the first 82 days, sex re- 
versals in both directions were noted at the end of 17 days (age 99 days) 
of eight-hour daylength. Some reversal of male to female was noted but 
the percentage shift of female to male was two and a half times as great 
(table Il). No hermaphroditism, monoecism or sex reversal was apparent 
in 106-day-old plants of the (B) group, grown in the January—April portion 
of the year with 16-hour photoperiod for 80 days followed by 26 days of 
approximately 124 hours photoperiod (natural day-length) for the remain- 
der of the growth cycle. 

The residual solution of the H/H series in the (B) group reached its 
lowest acidity at 44 days and attained its maximum pH on the 79th day. 
The H/H residues showed maximal pH fluctuation (2.6 pH units) and 
achieved lowest acidity of the nutrient residues of all series (fig. 2). 


H/L series 


Both the aggregate number of leaves produced and the total leaf area 
per plant were smaller in this than in any other series. The leaves them- 
selves were relatively thin and more finely veined than in the L/H series. 
Leaf abscission was nearly as high as in the H/H series (table II). These 
plants showed least anabolic efficiency as noted by their low fresh and dry 
weight per plant (table V). Carrot (3) similarly found low soil tempera- 
ture to be more injurious to turf grass development than low air tempera- 
ture. The water requirement in male hemp plants was nearly twice that 
of the female plants in this series (table IV). It is noteworthy that the 
percentage dry weight of the basal stems in the H/L series was 43.8 per 
cent., indicating extensive storage of organic materials in the lower stem 
region. This fact, coupled with a low percentage dry weight of roots, sug- 
gests the possibility of impaired translocation of reserves into the region 
below the ground line due to low root temperatures. Maximal free acidity 
of nutrient residues drained from the culture jars was not achieved in this 
series until the 86th day but the maximum pH occurred soon afterwards on 
the 100th day (fig. 2). 

Gardenia plants (11), subjected to low root temperature after having 
grown at high soil temperature, showed little further vegetative growth but 
set buds. On the other hand, plants that were subjected to high root tem- 
perature following growth at low soil temperature grew vigorously but set 
no buds. 

L/H seErRIEs 


Maximum stem diameter and greatest internodal length characterized the 
plants in this temperature series. The leaves were also unusual in appear- 


ance, being very coarse in texture, large in size, extremely thick, and in- 
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tensely green in color. There was practically no leaf abscission in the L/H 
series during the first seven weeks and total abscission was lowest of the 
four series (table II). At 58 days of age these plants were beginning to 
show more extensive root development than those of the other three series, 
this characteristic becoming much more pronounced at maturity as con- 
firmed by mean fresh, dry, and ash weights of the entire root of the plants 
in the (B) group (table V). The L/H plants flowered two weeks later than 
the H/H series in the (A) group, and the difference in time of flowering was 
even more pronounced in the second or (B) group. The pH of the nutrient 
residues was lowest in this series on the 86th day but rose abruptly and 
achieved its maximum pH on the 93rd day (fig. 2). CANNon (2), working 
with Opuntia versicolor, also found relatively great vegetative activity to 
occur under conditions of low air and higher soil temperature. 


L/L SERIES 


The leaves on these plants were relatively large, attaining the maximum 
area per leaf of the four series (table II). Though the stems attained a 
height only slightly greater than in the L/H plants, the stem diameter was 
relatively large. Leaf abscission was next to the lowest of the four tempera- 
ture series. Despite the large leaves and maximal aggregate leaf area per 
plant, this series absorbed the smallest quantity of water during its growth 
period (table V1). These plants showed highest absolute ash weight in the 
upper stem but a low percentage of ash indicating considerable storage of 
organic material in the stem (table V). This series also had the lowest per- 
centage root dry weight (table V). The root dry and ash weight percent- 
ages were lowest in this series (table VIL). In view of the relatively large 
fresh weight, these roots contained a high percentage of water. In the L/L 
series, lowest pH of nutrient residue occurred at the 84th day while maxi- 
mum pH was recorded on the 107th day (fig.2). L/L plants flowered three 
weeks later than the H/H series and produced a preponderance of pistillate 
flowers in both the (A) and (B) groups. In Marquis wheat (23) greatest 
dry weights of tops and roots resulted in plants grown at a soil temperature 
of 22° C. Leaves were largest at 22° and became lighter in color as the soil 
temperature rose above 32° C. 

Though the high frequency of sex reversal occurring in the (A) group 
(table IL) was not duplicated by the (B) group (table IV), the general low 
air temperatures of the L/H and L/L series nevertheless predisposed to 
pistillate flowers. Mouurarp (17) using Mercurialis annua also found a 
marked correlation between the growth temperatures employed and sex 
ratios of the plants. Poa pratensis (5) at soil temperature of 15° C. was 
found to grow tall, succulent, and bushy with many leaves; at 35° C. soil 
temperature the plants were erect, non-succulent, with few leaves, and short 
in stature. The vegetative habit of hemp in the L/L series was essentially 
similar to the former except as to stem length while the H/H series showed 
many of the same characteristics as the above grass grown at 35° root tem- 
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perature. 
perature yielded optimum root development while low soil temperature 
favored maximum root growth in the latter. 


TOTAL ABSOLUTE DRY WEIGHT AND TOTAL WEIGHT OF 
PLANT = 100 PER CENT., 
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TABLE VII 


DRY AND ASH WEIGHT OF VARIOUS PARTS OF HEMP PLANTS (B), AGE 106 DAYS. 


RESPECTIVELY 
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Hemp differed from the grass, however, in that high soil tem- 


ASH IN ENTIRE 





MEAN DRY WT. 


DRY WT. PER- 


MEAN ASH WT. 





ASH PERCENT- 




















L/L) was less than half that of the H/H and H/L series 

















TEMPERA- CENTAGE OF | AGE OF ASH 
TURE F PER PLANT DRY WT. OF PER PLANT WT. OF EN- 
SERIES ENTIRE PLANT TIRE PLANT 
3 2 ee ex. 3 | | 2.48 
gm. gm, % | % mg. | mg. | % | % 
LEAVES 

H/H 0.56 | 1.22 92 | 174 | 782 | 150.0 | 173 | 31.7 

H/L 0.53 1.49 12.1 20.6 50.3 139.9 | 20.5 28.9 

L/H 3.04 1.86 21.9 17.8 224.3 190.3 28.0 | 29.6 

L/L 2.20 2.22 26.6 21.8 | 161.0 242.8 34.2 | 42.8 
UPPER STEM 

H/H | 119 | 1.32 19.0 18.8 102.9 56.2 22.8 11.9 

H/L | 0.83 | 1.18 19.0 16.2 67.0 81.2 27.2 16.9 

L/H | 1.99 | 1.65 14.4 15.8 108.1 64.3 13.4 10.0 

L/L | 1.67 1.78 20.1 17.5 | 116.3 79.0 24.8 13.9 
BASAL STEM 

H/H 3.01 | 2.91 48.0 41.5 | 97.1 81.9 17.5 17.3 

H/L 1.71 2.47 39.1 34.0 | 37.0 58.9 15.1 12.2 

L/H 5.54 | 4.53 40.0 43.3 | 138.0 119.9 17.2 18.7 

L/L 2.90 | 3.91 34.9 38.4 | 69.3 112.7 14.7 19.9 
ENTIRE TOP 

H/H 4.76 | 5.44 76.2 77.7 260.2 288.1 57.6 | 60.9 

H/L 3.07 5.13 70.2 | 70.8 154.3 279.4 62.8 | 58.0 

L/H 10.56 | 8.04 76.3 | 76.9 470.4 374.5 58.6 58.3 

L/L 6.78 | 7.90 81.6 | 77.7 346.6 434.5 73.7 76.6 
ENTIRE ROOT 

H/H 1.51 1.58 23.8 22.3 192.1 186.2 42.4 39.1 

H/L 1.30 2.12 29.8 29.2 90.6 202.4 37.2 42.0 

L/H 3.31 2.42 23.7 23.1 333.3 269.1 41.4 41.7 

L/L 1.54 | 2.26 18.4 22.3 123.5 133.0 6.3 23.4 
ENTIRE PLANT 

H/H 6.27 | 7.03 452.3 | 474.3 

H/L 4.37 7.25 244.9 481.8 

L/H 113.87 | 10.47 803.7 | 643.6 

L/L | 8.32 | 10.16 470.1 567.5 | 

—E — a - — —_ —— 

Water requirement by the two low shoot temperature series (L/H and 


(table V1) which 


would indicate a negative or at least no correlation between rate of water 
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absorption and anabolic efficiency. Carbohydrate synthesis has been found 
to be high at low temperatures in other plants as well (18, 19, 20). Great 
variation in response to temperature occurs among plants of different spe- 
cies. The sunflower (7, 10), in contrast to hemp, shows maximum vegeta- 
tive development when subjected to high air temperature. It can, there- 
fore, be regarded as a heat-loving plant, whereas hemp shows more luxuriant 
vegetative development at low air and high root temperature. 

On the basis of the foregoing data, high air temperature was found to 
abbreviate the plant life span by accelerated vegetative development with 
relatively early anthesis, and senescence. While leaf number and area of 
the high air temperature plants were small, water content and ash weight 
of leaves were high. The water requirement per unit dry weight more than 
doubled at high as compared with low air temperature. Staminate flowers 
began blossoming two weeks earlier than pistillate flowers in the same series. 

Conversely, low air temperature tended to prolong the vegetative phase 
of growth about two weeks and favored production of stem and leaf tissue. 
There was an increase in absolute and ash weight of the stem and of the 
entire plant but the percentage of ash in the entire plant was decreased by 
low as compared with high air temperatures. Low air temperature favors 
simultaneous anthesis in the two sexes and depresses the percentage of 
staminate flowers in long day. Short day at anthesis tended to reduce the 
preponderance of staminate flowers at low air temperatures. GrisKo and 
his associates (9) note that short-day treatment induces a tendeney in the 
flowers of the two sexes in hemp to become hermaphroditie. 

High root temperature tends to increase the total water absorption and 
the total number of leaves produced per plant. The absolute amount and 
percentage of ash in the roots are likewise increased. Optimum conditions 
for vegetative development in terms of dry weight gain were found in the 
L/H series and for early flowering in the H H series. Conditions were least 
conducive to vegetative growth in the HL, while latest flowering occurred 
in the L/L series. 

Female plants absorbed more water when root and shoot developed at 
the same temperature while male plants showed greater aggregate water 
absorption in those series in which there was a temperature differential 
between root and shoot. The male plants averaged 14 centimeters taller 
than the females in all series considered together and the individual male 
plants were taller throughout than the female plants within the same 
series. Similarly the male plants developed the greater number of nodes 
at all four temperature combinations. The female plants, on the whole, dis- 
played greater root development than the male plants, surpassing males in 
root fresh weight in every series. In dry weight of the root, the distinction 
was not as sharp. The median date of flowering was 11 days earlier on the 


average for male than for female plants in the four series. LILIENSTERN and 
his associates (15) found higher photosynthetic rate in male hemp plants 
prior to flower bud formation while in the female plants greater photo- 
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synthetic activity occurred subsequent to flowering. On the basis of the 
original sex expression of a given set of plants under long day conditions of 
16 hours, shift from long to short day of eight hours at anthesis favors a 
transition to phenological maleness. No such sex reversal or abnormalities 
of sex expression occurred when the plants were shifted from a 16-hour to a 
123-hour day length at time of flowering. 


Summary 


The development of common hemp, Cannabis sativa, grown in the green- 
house in pure quartz gravel cultures, was traced from germination to 
maturity under four different temperature conditions as follows: 

1. Shoot and root both at high temperature (30° C.), series H/H. 

2. Shoot at high temperature (30° C.) and root at low temperature 
(15° C.), series H/L. 

3. Shoot at low temperature (15° C.) and root at high temperature 
(30° C.), series L/H. 

4. Shoot and root both at low temperature (15° C.), series L/L. 

A marked decrease in water consumption at or immediately after anthe- 
sis followed by a subsequent rise was noted in both staminate and pistillate 
plants of all series. Marked sex reversal from female to male was noted in 
the two series L/H and L/L subjected to transition from long to short day 
at anthesis. 

Other significant responses were : 

1. H/H series: (a) Maximum stem elongation; (b) largest number of 
nodes produced; (c) earliest blossoming and seed formation; (d) a pre- 
ponderance of male flowers ; (e) lowest aggregate leaf area of the four series ; 
(f) greatest number of leaf abscissions; (g) highest absolute water consump- 
tion during growth cycle. 

2. H/L series: (a) Lowest aggregate fresh, dry and ash weights; (b) 
more male than female flowers; (c) highest percentage dry weight in basal 
stem. 

3. L/H series: (a) Largest stem diameter ; (b) largest individual leaves ; 
(c) highest aggregate fresh and absolute dry weight. 

4. L/L series: (a) Greatest total leaf area; (b) smallest water consump- 
tion per unit leaf area; (c) highest percentage of water content in the 
roots; (d) latest blossoming of the four series; (e) preponderance of pistil- 
late, or female, flowers. 

Though high soil and air temperature (30° C.) favors maximal elonga- 
tion and uniformity of stem thickness, the foregoing data indicate that the 
aggregate dry weight yield of hemp is approximately doubled by a combina- 
tion of cool air (15°.C.) and warm substrate (30° C.). The data also indi- 
cate the great importance of the edaphic as opposed to air temperature in 
the structural and nutritional ontogeny of hemp. 

MISSOURI VALLEY COLLEGE 
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EFFECT OF MOISTURE AND OF TREATMENTS WITH ACID AND 
ALKALI ON RATE OF FORMATION OF FREE FATTY 
ACIDS IN STORED COTTONSEED' 


M. LL. KaRwmpon AND A. M. ALTSCHUL 
(WITH SEVEN FIGURES) 
Introduction 


Cottonseed deteriorates upon storage, with the result that the content 
of free fatty acids in the seed oil is increased, the color of the oil in the seed 
is darkened, the seed protein is partially denatured, and viability is de- 
creased. This increase in free fatty acid content is reflected in a higher 
refining loss during the processing of the crude oil and the darkened color 
of the oil reduces its desirability as an edible product. Ma.Lowan (7, 8), 
FReEYER (3), and Robertson and CAMPBELL (14) have investigated the effects 
of methods of storage, moisture content, and temperature of the seed on the 
formation of free fatty acids during the storage of cottonseed. Srmpson 
(16, 17) has made a thorough study of the effect of storage conditions on the 
viability of cottonseed, and Rusca and Grerpes (15) have observed the effect 
of the drying of cotton prior to ginning upon the subsequent storage be- 
havior of the seeds. All of these investigators have concluded that, with 
increasing moisture content of the seed and higher temperature of storage, 
there is a greater tendency for the formation of free fatty acids in the seeds 
and a corresponding loss in their viability. 

It has become evident, however, both from studies of the behavior of 
individual lots of seed and from a statistical study of the cottonseed in the 
Delta region (9), that moisture content and temperature are not the only 
factors influencing the quality of stored seed. This means that two samples 
of cottonseed which have the same moisture content and which are stored 
at the same temperature will not necessarily develop free fatty acids at the 
same rate. 

The present report covers the results of the first of a series of investi- 
gations undertaken at this laboratory in an effort to ascertain the nature 
and mechanism of the various chemical systems which are responsible for 
the changes in cottonseed during storage. It was found necessary to estab- 
lish a quantitative expression for the course of the deterioration so that the 
results of separate experiments could be compared directly. Such an 
expression was developed as a consequence of an investigation of the kinetics 
of the formation of free fatty acids in cottonseed, and it has been applied 

1The storage of cottonseed. I. The first of a series of papers on the nature and 
mechanism of the chemical system operative during storage of cottonseed. The second 
paper in this series has appeared while the first was in press; ALTSCHUL, A. M., KARON, 
M. L., KYAME, LILLIAN, and CARAVELLA, MAIZIE. The storage of cottonseed. II. The 
effect of ammonia treatment on the free fatty acids and color of the seed oil, and on the 
rate and degree of heating of the seed. Oil and Soap 20: 258-262. 1943. 
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to the evaluation of the effect of moisture and of treatment with acid and 
alkali on the rate of hydrolysis of the glycerides under conditions where 
other factors such as temperature and variety of seed were maintained 
constant. 
Methods 

The moisture content of the intact cottonseed was determined by the 
official method of the American Oil Chemists’ Society (1). Percentage of 
moisture was expressed on the basis of the dry weight. 
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Fic. 1. Titration assembly for determination of free fatty acids. 


Since the pH of cottonseed is an empirical quantity, dependent to a great 
extent on the method of determination, it is essential that any method used 
should give reproducible results and reflect changes taking place during 
storage. A method based on the suspension of a definite weight of cotton- 
seed meats in a definite volume of water gave the most consistent results 
and otherwise was found to comply with the requirements. 

Fresh meats were obtained by cracking cottonseeds in a Bauer mill and 
separating the meats from the hulls and lint by screening. The separated 
kernels were ground in a Wiley mill and 0.25 gram of the freshly ground 
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meats was thoroughly homogenized in 10 ml. of distilled water by the use 
of a glass homogenizer (12). The pH was determined as soon as the 
homogenization was completed ; otherwise inconsistent and generally lower 
results were obtained. A glass electrode was used for all pH measurements. 

The determinations of free fatty acids were made on the oil which had 
been extracted with Skellysolve F (boiling range, 30° to 60° C.) from the 
meats prepared as described above. Three ml. of oil, freed from solvent, 
were transferred by use of a calibrated pipette into 50 ml. of hot neutralized 
ethyl aleohol and were titrated with 0.05N sodium hydroxide solution, 
using thymol blue as the indicator. Whenever an oil with a very high con- 
tent of free fatty acids was titrated, a stronger alkali solution (0.5 N) 
was used. In order to provide for proper stirring and heating of the emul- 
sion of alcohol and oil during the titration, the assembly shown in figure 1 
was used. The stirring was accomplished by an air-driven stirrer operating 
in one arm of the cell, and heat was applied by means of a chrome] resistance 
wire wound around the bottom bend. A potential of 20 volts applied to 
three feet of no. 25 chromel wire provided sufficient heating. 

It is possible to estimate the content of free fatty acids in cottonseed 
oil without determining the total acid content of the oil. This is standard 
practice whenever a large number of analyses are made. The official 
American Oil Chemists’ Society method, used on a large seale for com- 
mercial testing of seed, assumes that the average molecular weight of the free 
fatty acids in cottonseed is the same as that of oleic acid. This assumption 
is not strictly justified but, since the actual average molecular weight of 
the fatty acids in cottonseed oil varies within narrow limits, it is valid for 
comparative purposes. Therefore, the free fatty acids are reported as per- 
centage oleic acid and are calculated as follows: 


Percentage free | 28.2 x normality of alkali xml. alkali 
fatty acids f = , 


(as oleic acid) weight of oil 

Duplicate determinations on each oil were found to agree within 0.01 
per cent. for oils having a content of free fatty acids of the order of 10 per 
cent. The greatest source of error in the titrations was found to be variation 
in the individual seeds of any lot. By careful sampling it was possible to 
reduce this error to a minimum; duplicate determinations made on two 
different samplings of the same seed agreed within 0.1 per cent. The results 
reported here represent the average of several determinations. 





Effect of moisture 


The majority of the experiments on the effect of moisture on the storage 
of cottonseed were conducted with the ‘*‘ Delfos 3506’’ variety grown at the 
Delta Experiment Station in Stoneville, Mississippi. Two other varieties of 
seed, ‘‘D. and P. L. 048’’ grown at the Louisiana State Experiment Station 
at Calhoun, Louisiana, and ‘‘ Acala 111’’ from the Texas Experiment Station 
at Lubbock, Texas, were used for parallel experiments. The experimental 
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results obtained with the latter varieties indicate that the effect of moisture 
is not confined to cottonseeds of any one variety or those produced in a par- 
ticular locality. Only the work on the Delfos seeds, however, is reported 
here in detail. These seeds were obtained from cotton harvested and ginned 
in the fall of 1941 and had an original moisture content of 10.5 per cent. 
when received in December of that year. 

Lots of 3 pounds each of the cottonseed were conditioned to the desired 
moisture content and stored in air-tight, 2-quart glass jars at 25° C. The 
moisture content of the seed was changed under conditions which minimized 
any other activity during the process, and did not permanently injure the 
seed. An increase in moisture was obtained by spreading the seeds in a 
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thin layer in a room maintained at 3° C. and 100 per cent. relative humidity 
until the desired moisture content was reached. One three-pound lot of 
seed was dried at room temperature in vacuum desiccators until its moisture 
content dropped to 7.5 per cent. 

Analyses of the stored seeds were made at regular intervals. The results 
of the determination of the free fatty acids are shown in graphical form in 
figure 2. 

Each curve represents seed of a particular moisture content and the 
points on the curve represent the content of free fatty acids of the seed at 
various times during a storage period of 200 days. Mold formation was 
visible after 100 days on the seeds of high moisture content (18 and 20.5 
per cent.) and the experiments with these lots were, therefore, discontinued 
at that poirit. 








314 PLANT PHYSIOLOGY 


It is conceivable that the effect during storage of cottonseed produced 
by variations in the artificially controlled moisture content is not analogous 
to that which would be produced by similar variations in moisture content 
of seeds within the cotton boll. This is probably true when seeds which were 
originally in a moist condition are dried to a lower moisture content, since 
certain changes may have taken place which cannot be completely reversed 
after the seeds are dried. When, however, seeds with an original moisture 
content of 10 per cent. and in a practically dormant condition are condi- 
tioned to some higher moisture content, the resulting increase in physio- 
logical activity must be considered as the sole result of the added water. 

It was observed that the pH of cottonseed containing moderate percent- 
ages of moisture (15.5 per cent. or less) had decreased after 250 days of 
storage but not after 100 days; whereas that of seed containing high mois- 
ture had decreased after 100 days (table I). The decrease in pH paralleled 
the formation of free fatty acids in the seed, as shown in figure 2. This 
effect apparently is dependent upon the moisture content of the seed. Free 


TABLE I 


INFLUENCE OF MOISTURE CONTENT AND LENGTH OF STORAGE ON PH OF STORED COTTONSEED 














MOISTURE CoN- LENGTH OF STORAGE IN DAYS 








TENT OF SEED 0 100 | 250 

% pH pH pH 

7.5 7.05 7.05 6.70 

10.5 7.00 7.00 6.70 

13.0 7.00 7.00 6.60 

15.5 6.90 6.90 6.26 
18.0 7.00 6.51* 
20.5 7.02 6.19* 


* The pH of the high-moisture seeds again increased after 100 days’ storage coin- 
cident with the appearance of mold growth. It would seem, therefore, that the products 
of the mold metabolism are alkaline and tend to counteract the natural tendency of the 
seeds to increase their hydrogen-ion concentration on storage. 
fatty acids, formed during storage, are not themselves responsible for the 
lowering of the pH, for it was observed that prior removal of petroleum 
ether-soluble constituents from the meats had no effect on the pH value. 
It is not possible to state definitely the cause of the lowering of pH, but it 
is probably the formation of water-soluble acidic products through respira- 
tion and fermentation. Similar decreases in pH during the storage of corn 
and soybeans have been previously reported (2, 13). 


Effect of treatments with acid and alkali 


The possibility of changing the pH of cottonseeds by exposing them to 
the fumes of volatile acids or bases is evident from the following results 
obtained with Delfos seed. In one experiment, the seeds were treated with 
ammonia for one hour until the pH rose to 7.9. The limiting factor deter- 
mining the rate at which the pH is raised is probably the rate of diffusion 
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of the vapor through the small opening in the seed coat (18). In practice 
it was found that it was only necessary to saturate the lint and atmosphere 
surrounding the seeds with ammonia gas and let them remain sealed under 
these conditions until the pH had risen to the desired level. The same state- 
ment applies to acid treatment of the seed. In another experiment, the seeds 
were exposed to dry hydrogen chloride gas until the pH dropped to 4.6. 
Inasmuch as the acid vapors caused disintegration of the lint and even some 
destruction of the seed coat, it is apparent that there is a faster diffusion 
of the gas into the seed. Following treatment with acidic or basic vapors, 
the seeds were conditioned to approximately 18 per cent. moisture content 
and stored in air-tight jars together with the other samples previously 
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Fig. 3. Effect of treatment of cottonseed with acid and alkali on the rate of forma- 
tion of free fatty acids. 


The rates of free fatty acid formation during storage of the acid and 
alkali-treated seeds are compared in figure 3 with that for an initially 
neutral seed conditioned to the same moisture content. In both eases, the 
treatment very effectively reduced the rate of formation of free fatty acids 
as compared to the control. In addition, no mold formation was apparent in 
the acid- or alkali-treated seed during the entire storage period. The color 
of the oil extracted from the ammonia-treated seed was considerably lighter 
than that of oil from the control. On the other hand, the acid treatment of 
cottonseed resulted in a very pronounced darkening of the extracted oil. 

During 250 days of storage the pH of the acid-treated seeds remained 
constant, whereas the pH of the alkali-treated seeds gradually dropped from 
the original value of 7.9 to 7.0. The effect of treatment with acid or alkali 
does not necessarily mean that there is an optimum pH for the hydrolysis 
of the oil in the seed. The changes induced by these treatments were of a 
permanent nature and could not be reversed by bringing the pH back to 


neutrality. 
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Fic. 4. Germination tests on treated and untreated cottonseed. A, Control; B, High 
free fatty acid; C, Alkali treated: D, Acid treated. 
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Evidence that the acid or alkali treatment permanently affected the 
seeds was obtained by means of germination tests. These tests were con- 
ducted as suggested by TooLe and DrumMon (19). The seeds were pre- 
wetted and then place between folds of moistened towel paper. They were 
kept at 31° C. for eight hours, and at 28° C. for the remainder of each 
twenty-four hours. This cycle was maintained throughout the test. The 
results after 53 hours are shown in table IT and figure 4. 

The content of free fatty acids is not the sole factor in determining the 
viability of seeds, as is shown by the high percentage of germination of the 
seed containing 11 per cent. of free fatty acids. It is evident that treatment 
of the seeds with acid or alkali completely destroys their ability to germinate, 
along with their ability to form free fatty acids. Thus, it is quite logical to 
assume that viability and ability to form free fatty acids are kindred proper- 
ties and, as a consequence, inhibition of one seriously inhibits the other. 


Kinetics of formation of free fatty acids 


The rate of hydrolysis of the fats in cottonseed was not uniform during 
the period of storage, but rather increased as the length of storage continued. 
More free fatty acids were formed in the second of two equal storage periods. 
This was especially true for the seeds of higher moisture content where the 
amount of free fatty acids formed in the second fifty days greatly exceeded 
that formed in the first fifty-day period. Such behavior is indicative of an 
autocatalytic type of reaction. If this is true, the kinetics of this reaction 
should conform to the general equation for an autocatalytic reaction which 
may be expressed as: 

dP 


ae 7 RCA) (B) (1) 


where 
P = the product of the reaction, 
A =a quantity which increases as the reaction progresses, 
B = a quantity which decreases as the reaction progresses, and 
k = the rate constant. 

In terms of experimentally determined quantities, the equation for the 
rate of hydrolysis of the glycerides in cottonseed may be provisionally 
written as (5) : 

dP | k(F) (100-F) (2 
a" 2) 
where a, § 
F = the percentage of free fatty acids formed, and 
100—F = the percentage of residual unhydrolyzed fat. 
Upon integration, equation (2) becomes: 
F, 
] —] 


n 100_F, = 100kt (3) 


2s 
" 500_F 


where F, = the original content of free fatty acids of the seed. 
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Equation (3) by transposition and conversion to common logarithms 





yields: 
F 100 F, 
108 790-8 ~ 2.3*t* 8700", * 
From the nature of equation (4) it is evident that a plot of log ae F 


against t should give a straight line with a slope equal to aes k. 


When the data in figure 2 are plotted in such a fashion, the points thus 
obtained fall practically on straight lines as is shown in figure 5. The nu- 














-05 
| | | | ] | | 
= MOISTURE CONTENT ~~" 
(PERCENT) 
= 105 
@ 13.0 
9 & 55 
“Lor O 18.0 = 
<) 205 
o o 
fig 
15k / / 4 
7 ° 
J 
* r 
u M4 ; 
or / —4 
© j 2 @- 
3 oe 2 - 
a / 
al 
/ , 
20F- -S a 
oe neni 
/ an 
/ . S- a ' 
" i 2 ad " C 
—— 2. 
oy 
25 l | l | | | 
0 50 100 150 200 


LENGTH OF STORAGE (DAYS) 


Fig. 5. Effect of varying moisture content on log 100-F 
merical value of the rate constant, k, caleulated from the slopes of the curves 
in figure 5, varies as a function of the moisture content of the seed (table IIT) 
and quantitatively characterizes the course of free fatty acid formation in 
cottonseed. This relationship between k and the formation of free fatty 
acids is best demonstrated by reconstructing theoretical curves from the 
values of k shown in table III and comparing these curves to the actual 
experimental results. In order to accomplish this purpose, it is necessary 
to convert equation (3) into a form from which the value of F may be readily 


calculated for any time, t. Transposition of equation (3) yields: 
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a ae 
In = = 100kt (5) 


100-F, 


which in the exponential form becomes: 
F 

100-F 
F, 

100-F, 


- el 00kt (6) 


The equation from which the value of F may be calculated for any time, t, 
is obtained by solving for F. 








Bo 100kt 
100-F, ° 
F = 100 r ° (7) 
4 0 _ 100kt 
100-F, 


TABLE III 
EFFECT OF MOISTURE CONTENT ON RATE CONSTANT, K 





PERCENTAGE SLOPE K x 105 


MOISTURE CONTENT ( RECIPROCAL DAYS) ( RECIPROCAL DAYS) 
% | 
10.5 0.00085 1.96 
13.0 0.00085 1.96 
15.5 0.0044 10.1 
18.0 0.0138 31.8 
20.5 0.0163 37.4 


The content of free fatty acids of the seeds at the beginning of the storage 
period was 0.5 per cent.; thus the value of Fy used in equation (7) becomes 
0.5. A summary of the calculations used in reconstructing the cottonseed 
storage curves shown in figure 6 is given in table IV. The solid lines in 
figure 6 represent the theoretical curves calculated as described above, while 
the points are the same experimental points shown in figure 2. 

The assumptions expressed in equation (2) have led to one successful 
interpretation of the results of this storage experiment although it has not 
provided an explanation for the results found by other investigators who 
have shown that seeds with the same moisture content may develop free fatty 
acids at different rates. Experiments are in progress to determine whether 
factors other than moisture and pH could be responsible for these variations. 

The constant, k, when used in conjunction with equations (2) and (7) 
not only allows one to calculate the amount of free fatty acids formed at any 
time, but also gives the rate at which more free fatty acids are being formed 
at that particular time. A similar analysis of the storage of the acid- and 
alkali-treated seeds gave values of k for those reactions. It becomes possible, 
therefore, to obtain a quantitative representation of the effect of moisture, 
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and of the treatment with acid and alkali, on the hydrolysis of cottonseed 
oil. These effects are represented by the curve shown in figure 7, where the 
points on the curve represent the effect of moisture, and the isolated points 
the effect of acid and alkali treatment. It is apparent from this curve that 
treatment of cottonseed with ammonia has the same effect as does lowering 
the moisture content of the seed from 18.0 to 15.4 per cent.; and that treat- 
ment with acid has the same effect as does lowering the moisture from 17 
to 15.1 per cent. As is shown in figure 7, there is no apparent difference in 
the value of k for seeds with moisture contents of 10.5 and 13.0 per cent. 
It is quite possible that an extended storage investigation over several years 
would reveal some difference in the value of k for these two different mois- 
ture contents. 


Discussion 


The fact that equation (2) satisfactorily represents the course of hy- 
drolysis of cottonseed oil in the seed does not constitute evidence that the 
actual mechanism of the reaction involves catalysis by the free fatty acids 
which are formed. Any other variable which affects the rate of hydrolysis 
of the oil, and which increases during storage, would give the same result. 
The quantities, F and 100—F, were used because they were the only measured 
variables available for use in equation (1) and not because there was any 
special theoretical significance attached to their use. It is best, therefore, 
to consider the storage of cottonseed from the general viewpoint expressed 
in equation (1) and try to determine the factors which are responsible for 
the apparent autocatalytic nature of the curves. In addition to the con- 
centration. of free fatty acids, there are two other variables which satisfy 
the requirements of the quantity A in equation (1). These are the activity 
of lipase or lipases contained in the seed itself, and the activity of lipases 
produced by molds and bacteria, growing on the seed. It has been shown 
by Laneton (6) that the initial part of the saponification of some fats by 
magnesium oxide and calcium oxide is autocatalytic. Similar results were 
reported by KAUFMANN (4, p. 255) for the hydrolysis of sunflower-seed oil 
in water at elevated temperatures. The explanation which was given is that 
the rate of hydrolysis of the glycerides depends on the degree of emulsifica- 
tion of the oil in water. Inasmuch as the presence of free fatty acids facili- 
tates the emulsification of the remaining fat, the rate of the hydrolysis of 
the remaining glycerides will increase as the concentration of free fatty 
acids increases until optimum emulsification has been achieved. It is con- 
ceivable that a similar mechanism operates in the intact cottonseed and that 
the state of emulsification of the fat globules in the cells is enhanced by the 
formation of free fatty acids. Such an explanation, however, cannot be 
reconciled with the observation that exposure of seed to ammonia or hy- 
drogen chloride vapors inhibits the hydrolysis. In fact, just the opposite 
effect would be expected because acids and alkalis are known to catalyze the 
hydrolysis of fats and oils in vitro. 
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The second possibility is that the hydrolysis of the glycerides is brought 
about by enzymes present in the seed. It has been shown that there is an 
increase in detectable lipase activity upon germination of cottonseed (10). 
This increase in enzymatic activity accounts not only for the increase in 
free fatty acids in the germinating seed but also explains the autocatalytie 
course of the hydrolysis. More lipase was found to be present on the second 
day of germination than on the first, and consequently more free fatty acids 
were formed during the second day, ete. The storage of cottonseed at an 
elevated moisture content approximates a condition between that of a com- 
pletely dormant seed and a germinating seed. High moisture may cause a 
gradual development of lipase activity resulting in an accelerated rate of 
formation of free fatty acids. The lipase may be liberated from other pro- 
tein material by the action of proteolytic enzymes in a manner very similar 
to that reported by WILLsTATTER for the activation of castor bean lipase in 
dormant seed (20). Although Oucorr and Fonrarne (11) were unable to 
detect lipase in ungerminated cottonseed, it is quite possible that the lipase 
is so bound to other material in the seed that it cannot be detected unless it 
is loosened from the proteins and other substances surrounding it. The 
effect of acid or alkali treatment of seeds may be explained on the assump- 
tion that these treatments either directly inhibit the lipase activity or inter- 
fere with the mechanisms responsible for the liberation or activation of 
the lipase. 

The third possibility is that the hydrolysis of the glycerides is catalyzed 
by the lipolytic enzymes produced by molds and bacteria growing on the 
seed. Cottonseed, particularly if it has a moisture content of about 17 per 
cent., is an excellent medium for the growth of these organisms. As was 
mentioned above, mold growth was visible after 100 days’ storage in cotton- 
seed containing 17 per cent. moisture. The gradual increase in the mi- 
crobial population might be expected to result in an accelerating rate of 
formation of free fatty acids and thus produce an apparently autocatalytie 
reaction. The effect of acid or alkali treatment of the seed could be readily 
explained on the assumption that such treatment destroys, or materially 
inhibits the growth of microorganisms. In a recent paper, RAMSTED and 
GEppEs (13) have suggested that the apparent respiration of soybeans is 
due to associated microorganisms. 

On the basis of the experimental results obtained so far, it is not poss’ble 
to determine which of the above explanations is correct, although the last 
two involving enzymatic hydrolysis appear to be more plausible than the 
first one. More work will be required to permit differentiation between the 
effects caused by enzymes in the seed, and by enzymes produced by micro- 
organisms. 

Summary 

1. The effect of the variation of moisture on the rate of formation of 

free fatty acids in cottonseed has been determined over a moisture range 


of 7.5 to 20 per cent. (dry basis 
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2. Increase in moisture content of the seed results in an increased rate 
of hydrolysis of the glycerides. The most rapid increase in the hydrolytic 
rate was observed to occur when the moisture content was raised from 15 
to 18 per cent. 

3. Treatment of cottonseed with ammonia or hydrogen chloride gas was 
found to greatly retard the formation of free fatty acids. Treatment with 
ammonia retarded the darkening of the oil and in fact resulted in an oil 
with a much lighter color than that from the untreated seed. 

4. It has been shown that progress of the hydrolysis of glycerides in 
the oil in cottonseed can be expressed quantitatively by use of the differ- 
ential equation : 

= = k(F) (100-F) 
dt 
where : 

F = the percentage free acids, 
100—F = percentage unhydrolyzed fat, and 
k = the rate constant. 


5. Three possible mechanisms for the hydrolytic splitting of the glycer- 
ides of cottonseed oil have been discussed and evaluated on the basis of the 
kineties of this reaction. 


The authors wish to thank Mr. A. K. Scuwarrz of the South Texas 
Cotton Oil Company and the Directors of the Experiment Stations at Stone- 
ville, Mississippi; Calhoun, Louisiana ; and Lubbock, Texas, who kindly fur- 
nished the cottonseed samples used in this investigation. 
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COMPOSITION OF FRUITS AND PHLOEM EXUDATE 
OF CUCURBITS 


A. 8. Crearts anpnd O. A. LoREenz 


Phloem exudate has been used in many studies on solute transport in 
plants. As far as can be determined by microscopic observation, it comes 
from the sieve tubes and represents, therefore, an unmixed sap that moves 
rapidly within the plant. 

If the exudate from cut peduncles of cucurbit fruits represents a true 
sample of a solution of food materials moving through the phloem by mass 
flow to nourish those fruits, there should exist a fairly constant proportion- 
ality between the various compounds present in the exudate and in the 
fruits. That the process of phloem exudation has been variously interpreted 
in the past is apparent from the following review of literature. 

Since the researches of Hartic and Niceui (6) it has been commonly 
assumed that the sieve tubes of the phloem tissue of plants are continuous 
elements interconnected by open pores through which substances in solu- 
tion may pass more or less freely. Phloem exudation from eut cucurbit 
stems, described in detail by NAGELI, was cited as confirming evidence for 
an open system; and many considered it a manifestation of the normal 
process of food transport. 

ZACHARIAS and Kraus (6), analyzing such exudate, showed that it con- 
tained sugar, organic nitrogen compounds, potassium, and phosphorus, all 
of which were presumably translocated in the phloem. 

The works of Fischer, StrAsBurGER, and Hitzi (6) tended to confirm 
this early interpretation. The cucurbit sieve tube became the accepted type 
of food-conducting element, illustrated in elementary texts, and often cited 
as an example of adaptation of structure to function. To many botanists 
the structural aspects of the process of food transport in plants seemed 
clear. 

In 1855, however, von Mount questioned the actual perforation of the 
sieve plate, contending that the middle lamella remained intact. LeEcomTE 
deseribed the protoplasm as penetrating into the striations of the callose 
plates in the form of filaments terminating at the swellings in knobs. -Such 
structures are commonly found in the position of the middle lamella of the 
sieve plate. The researches of Hriut, StrAsBuURGER, and other early work- 
ers (6) emphasized the extreme fineness of the sieve-tube connections in 
many plants, the gymnosperms in particular. KunHta (16) denied the per- 
foration of the protoplasmic connection of the sieve plate, and since then 
others have shared his view (6, 9, 26, 27). 

If the sieve tubes are not perforate elements through which ready mass 
flow of solutions can take place, how are foods transported in plants? 
Bircu-HirscHrevp (1), Dixon and Batt (12), and Mason and Lewin (18) 
concluded that they move through the xylem. Later, Drxon (11) and 
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Mason (19) changed their views. In 1931, Crarrs proposed that foods 
move through the highly hydrated wall of the phloem (5) ; in 1932 and 1936 
(6, 7), reversing this opinion, he suggested that the sieve-tube protoplasm 
of the mature element is permeable, allowing the foods to move readily in 
solution along phloem strands. 

In 1936, Mason and Puiuuis (21) confirmed the early analyses on 
phloem exudate from cucurbits, but retained MAson and MASKELL’s inter- 
pretation (20) that food materials move by ‘‘activated diffusion’’ inde- 
pendent of the solvent. 

In such a controversial field, what role can be assigned to phloem exuda- 
tion, and of what value are studies on that subject? NAceni, FiscHer, 
LECOMTE, and STRASBURGER (6) had all regarded the conduction of slime— 
that is, the more proteinaceous food constituents—as a normal function of 
sieve tubes. In 1931, 1932, and 1936 Crarrs experimented with phloem 
exudation from cucurbits (5, 6, 7). Though he recognized that the initial 
rate of outflow might be as high as ten times the normal rate, he maintained 
that phloem exudation was a manifestation of the normal process of food 
movement and that the exudate was a true sample of the solution of foods 
moving in the phloem. 

In 1937, Mason and PHILLIs (22) questioned the complete permeability 
of the mature sieve tube, casting doubt on the mass-flow mechanism. 
Meanwhile, studies on phloem exudate from forest trees by Preirrer (24) 
and by Huser, ScuMipt, and JAHNEL (15) clearly pictured the concentra- 
tion of solutes in this material ; also the diurnal fluctuations in concentration 
resulting from changes in the processes of carbon assimilation. In a way, 
these changes followed the diurnal changes in sugar concentration found 
in the bark of cotton by MAson and Maske. (19). 

Huser and Rovuscwau (14) confirmed Crarts’ observations on sieve-tube 
permeability, while the latter (8) suggested a newer technie for demon- 
strating phloem exudation in many plant species. 

Thus, though workers in the field were still lacking agreement on the 
mechanism of phloem transport, evidence that seemed to support the mass- 
flow theory was rapidly accumulating. While Stewarp and Priestiey (28) 
concluded that phloem exudation was of local origin and was due to turgor 
pressure or tissue tensions, and while Curtis (10) considered it strictly 
abnormal, they provided no experimental proof for their contentions. 

CLEMENTs (2) studying the growth and composition of the fruits of the 
sausage tree (Kigelia africana), deduced that the mass-flow mechanism was 
inadequate in this plant. His conclusions are weakened by several unwar- 
ranted assumptions: namely, that all water in the phloem is mobile; that 
a sugar analysis of the total phloem reveals the sugar content of the sieve 
tubes; and that because fruits are young, the sieve tubes leading into them 
are immature and therefore in a high state of metabolic activity. His work 
implies, nevertheless, that there should be a certain agreement between the 
composition of a growing structure and the solution moving in to nourish 
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its tissues. That such an agreement fails with respect to the composition 
of fruits and phloem exudate from cucurbits is evident from the work of 
Coom (4). 

CoLWELL (3) found no agreement between the composition of the fruits 
and exudate from peduncles of Connecticut Field pumpkin with respect to 
carbon and nitrogen. He found that the C/N ratio of the exudate varied 
from 3.7 to 4.4; while the ratio in the fruit varied from 7.5 in very young 
to as high as 18.5 in more mature fruits. In general, the C/N ratio averaged 
about three times higher in the fruit than in the exudate from peduncles 
supplying the fruit. As both the exudate and fruit approached a value of 
about 3 per cent. carbon on the basis of fresh weight, the disproportionality 
in the C/N ratio resulted from the much lower nitrogen content of the 
fruit than of the exudate. In other analyses, CoLweLui found the exudate 
to be higher in dry weight than the fruit. Reducing sugars and total sugars 
were three to four times higher in the fruit than in the exudate. He was 
able to account for practically all of the carbon of the exudate as existing 
in the form of protein compounds and sugars. 

The experimental work of this paper is concerned with further testing 
the proportionality between carbon and nitrogen compounds of the exudate 
and fruits of two cucurbit species. 


Methods 

Two varieties of Cucurbita pepo were used: Connecticut Field pumpkin 
because of its vigorous growth, copious exudate, and because CoLWELL’s 
previous studies had been made upon it; and Early Prolific Straightneck 
summer squash because of rapid growth, uniform shape, and yellow color, 
apparently containing no chlorophyll. 

The exudate was collected in the morning. Successive cuts from the stem 
tip or the peduncle were made until 3 to 10 milliliters of the exudate had 
been collected. Successive cuttings were necessary because only a few drops 
could be collected from any one cut, owing to the tendency of the exudate 
to coagulate. Ten or more stem tips or peduncles were used as a composite 
in obtaining material for any one sample. The exudate was collected in 
glass vials. Since it tended to coagulate on standing, it was usually dried, 
and analyses were then made on the dried material. Nitrogen was deter- 
mined by the Kjeldahl method. Insoluble nitrogen was designated as_that 
fraction insoluble in boiling 80 per cent. aleohol. Carbon was determined 
by the wet combustion described by McCreapy and Hassmp (17). In ashing, 
the samples were ignited at 450° C. for 48 hours. For the dry weights the 
samples were dried in a forced-draft oven at 70° C. for 48 hours. Sugars 
were determined by the ceric sulphate method deseribed by Hassmp (13). 
Except for some of the dry weights and ash, all determinations were made 
in triplicate. 

Results 


The data presented in table I show the changes in carbon, nitrogen, and 
ash content of the exudates over a period of time. Successive cuts were made 
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TABLE I 


NITROGEN, CARBON, AND ASH CONTENT OF PHLOEM EXUDATE FROM SUCCESSIVE 
CUTS OF THE SAME CONNECTICUT FIELD PUMPKIN STEMS; EXUDATE 
COLLECTED FROM STEM TIPS AUG, 25, 1942 




















- PERCENTAGE OF | DRY WEIGHT 
eae IME OF DRY WEIGHT ‘/ AS 
Curs COLLECTION | C/N | percenrace 
Cc N ASH OF FRESH 
*s | & %o % 
1- 3 8: 00— 8: 30 A.M. 59.03 | 16.22 7.49 3.63 | 6.81 
4-7 8: 30— 9: 00 45.85 14.73 7.86 3.11 7.28 
8-12 9: 00-— 9: 30 46.36 13.84 8.80 3.35 6.32 
13-18 9: 40-10: 35 40.05 | 11.50 9.06 3.48 6.58 
19-24 10: 40-11: 10 40.05 | 11.73 8.97 3.41 5.93 
25-44 11: 15 a.M—12: 25 p.m. | 32.77 | 11.39 7.98 2.88 | 6.18 
! 








* Cuts 1-7 were made in 5-mm. sections, while for the remaining sections the cuts 
were of 2-mm. sections. 

from the same stem tips until about 5 milliliters of exudate had been col- 
lected. The first column in the table shows the number of cuts made in 
obtaining the samples; the second column, the time consumed in gathering 
the exudate. Carbon concentration tended to decrease with time. The first 
sample, taken from 8 to 8:30 a.M., was considerably higher in carbon than 
the last sample, taken from 11:15 a.m. to 12:25 p.m. Nitrogen content 
showed a marked decrease in the samples taken at the intervals between 8: 00 
and 10:35 a.m. and apparently reached a constant value after that time. 
The C/N ratio was approximately constant except in the last collection, 
where the rat:> was lower. The ash content remained almost constant. 

Table II presents further evidence that there was no great change in 
carbon and nitrogen composition of the exudate collected over a period of 
time. In this instance a comparison was made between the composition of 
the first and second drops of exudate from the same stem tips. Individual 
first and second drops from each stem tip were collected and composited 
until about 5 milliliters of sap were available for analysis. There was a 
small increase in carbon content of the second drop of exudate as compared 
with the first drop ; but no difference in the nitrogen content. The C/N ratio 
was approximately the same for both the first and second drops of exudate. 

Efforts were made to determine the relation existing between the nitro- 

TABLE II 
CARBON AND NITROGEN CONTENT OF FIRST AND SECOND DROPS OF EXUDATE OF CONNECTICUT 


FIELD PUMPKIN; EXUDATE FROM STEM TIPS COLLECTED 1—3 P.M., AUG. 21, 1942 














PERCENTAGE OF FRESH WEIGHT 


DROP TESTED ; C/N 
C N 
% A 
First 7.38 2.61 2.83 
Second 8.14 2.53 3.22 
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gen, carbon, and ash content of the fruit and the similar content of the 
exudate from peduncles of these same fruits. If the ratio of these con- 
stituents was the same in the exudate as in the fruit, one might conclude 
that the constituents observed in the exudate were a true measure of what 
was actually moving into the fruits. These analyses were made on small- 
immature, medium-sized, and mature fruits of each of the two varieties. 
As shown by the data in table III, carbon, nitrogen, and ash in the peduncle 
exudate of Early Prolific Straightneck were the same regardless of the size 
or age of the fruit. The C/N ratio was likewise a constant value. In the 
fruit the carbon, nitrogen, ash, and dry weight tended to decrease slightly as 
the fruit became larger. The C/N ratio was approximately the same for 
all the various-sized fruits. This ratio in the fruits was about 14 to 1, as 


compared with only 3.4 to 1 in the exudate of their peduncles. In other 


TABLE III 

CARBON, NITROGEN, AND ASH CONTENT OF PHLOEM EXUDATE AND FRUITS OF DIFFERENT-SIZED 
EARLY PROLIFIC STRAIGHTNECK PUMPKINS; EXUDATE FROM PEDUNCLES 

COLLECTED AND FRUITS HARVESTED 8-11 A.M., SEPT. 8, 1942 











PHLOEM EXUDATE | 





FRUIT 





























Dry ' y Dry 
Fruit* PERCENTAGE OF DRY WEIGHT PER« ENTAGE OF DRY WEIGHT 
SIZE WEIGHT C/N AS PER- WEIGHT CUN AS PER- 
a‘ CENT- ei CENT- 
7 : AGE OF e AGE OF 
Cc | N | ASH FRESH ‘ N ASH FRESH 
% % To % % % % % 
1 44.69 13.21 | 9.70 3.38 9.40 42.71 3.50 10.95 | 12.20 6.90 
2 44.07 | 13.13 8.74 3.36 9.70 38.49 2.46 10.07 | 15.65 5.51 
3 44.30 | 13.19 9.07 3.36 10.54 36.92 2.62 10.09 | 14.09 §.12 
| 





* Description of fruit sizes: 
Size 1: Length 10.15 em.; greatest diameter 2.66 em. 
of 44 fruits. 
Size 2: Length 21.29 em.; greatest diameter 5.72 em.; weight 343.55 gm.; aver 
age of 19 fruits. 
Size 3: Length 27.04 em.; greatest diameter 7.64 
age of 12 fruits. 


; weight 42.66 gm. ; 


average 


em.; weight 893.63 gm.; ave 


words, the C/N ratio in fruits was over three times as high as that found in 
the exudate. 

As table IV shows, the results obtained with the Connecticut Field 
variety resembled those obtained with Early Prolific Straightneck. The 
carbon, nitrogen, and ash content of the exudate revealed no consistent 
differences between the fruits of different sizes or ages. The C/N ratio 
approached a constant in the exudate from all the fruit sizes. In the various- 
sized fruits the carbon content was relatively constant, whereas the nitrogen 
content fluctuated. 
as the fruits enlarged. In the young fruits the total nitrogen content was 
considerably higher than in any of the others. 


There were indications of a decrease in nitrogen content 


Differences between the 
The ratio 


ratios in the exudate and in the fruits were highly significant. 
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TABLE IV 


CARBON, NITROGEN. AND ASH CONTENT OF PHLOEM EXUDATE AND FRUITS OF DIFFERENT-SIZED 
CONNECTICUT FIELD PUMPKINS; FRUITS HARVESTED AUG. 28, 1942; PHLOEM 
EXUDATE FROM PEDUNCLES COLLECTED AUG. 31, 1942 















































PHLOEM EXUDATEt Fruitt 
Dry Dry 
Fruir* PERCENTAGE OF DRY WEIGHT || PERCENTAGE OF DRY WEIGHT 
SIZE — C/N | 48 PER- WEIGHT | Gyn | AS PER- 
CENT- CENT- 
- AGE OF . anes AGE OF 
Cc N ASH FRESH Cc N ASH FRESH 
% | % Yo %o %o %o % % 
1 38.82 | 11.32 3.43 47.43 3.09 8.87 15.3 6.71 
2 43.65 | 12.62 | 6.77 3.46 9.43 38.79 2.39 6.72 16.2 5.81 
3 50.24 | 13.84 | 6.96 3.63 11.32 40.70 1.79 6.82 22.7 6.75 
4 46.46 | 12.18 7.55 3.81 10.46 45.41 2.11 7.71 21.5 | 8.63 





* Description of fruit sizes: 
Size 1: Diameter 7.8 cm. ; weight 272 gm.; collected a day or two after pollination. 
Size 2: Diameter 18.1 em.; weight 2473 gm. 
Size 3: Diameter 25.3 cm.; weight 5255 gm.; fruits still of green color. 
Size 4: Diameter 29.2 cm.; weight 8816 gm.; fruits of yellow color. 

+ Average of 10 or more fruits each. 

¢ Average of three each. 


in the exudate averaged about 3.6 for all the different-sized fruits, as com- 
pared with 18.9 in the fruits. 

Table V gives more complete information regarding the constituents 
present in the exudate. On the dry-weight basis the exudate of Connecticut 
Field pumpkin contained 41.5 per cent. carbon, 11.50 per cent. total nitro- 
gen, 6.42 per cent. insoluble nitrogen, 2.55 per cent. reducing sugars, 0.79 
per cent. sucrose, and 3.34 per cent. total sugar. The exudate of Early 
Prolific Straightneck was slightly higher in carbon, total nitrogen, reducing 


sugars, and total sugars. In both varieties the insoluble form of nitrogen 


TABLE V 
CARBON, NITROGEN, SUGAR, AND ASH CONTENT OF PHLOEM EXUDATE FROM CONNECTICUT 
FIELD* AND EARLY PROLIFIC STRAIGHTNECK PUMPKINS; EXUDATE FROM PEDUNCLES 
OF CONNECTICUT FIELD COLLECTED 8—12 A.M. ON SEPT. 10, 1942, AND FROM 














DA FIC STRAIGHTNECK 8—12 A.M. ON SEPT. 22, 1942 
EARLY PROLIFIC STRAIGHT 8-12 A.M S 2, 1942 
-ERCENTAGE OF DRY WEIGHT 
PERCENTA = OF DRY EIGHT Dry 
| Repuc- | WEIGHT 
, . ai catia | } . AS PER 
VARIETY IN- | INGSUB-| g = | C/N 
: F SU- OTAL | ¥. ‘ENT. 
c | TOTAL) conv- | stances entail : a | AsH pepmaaiid 
+ | ok > 7 F) 1F 
4 BLE N | As GLU- Aas oF 
COSE FRESH 
/0 %e % %e /0 % J % 
Connecticut | 
Field 41.46 | 11.50 6.42 2.55 0.79 3.34 7.49 3.60 11.35 
Early Prolific 
Straightneck | 52.92 13.20 6.32 4.61 0.58 5.19 7.66 4.01 8.65 





* The Connecticut Field pumpkin exudate had a freezing-point depression of 0.74° C, 
and a refractometer reading of 12.2. 
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accounted for about half of the total nitrogen. The carbon present in the 
form of sugars accounted for only about 3 per cent. of the total carbon 
present, leaving much carbon to be associated with nitrogen in the form 
of proteins or other compounds. 


Discussion 


As has long been recognized, the exudate of cucurbits is a slimy coagu- 
lable material that gives typical protein reactions with microchemical 
reagents. The possibility of very high protein composition of the exudate 
is manifest in data from table VI. Here an attempt has been made to show 
the relation between the carbon present and the protein content. The 
nitrogen of the exudate of the two varieties was converted to protein by 
the conventional factor, and the possible carbon content of the protein 


TABLE VI 


CARBON CONTPNT OF EXUDATE BY ANALYSIS AND BY CALCULATION. RESULTS GIVEN 
AS PERCENTAGE OF DRY WEIGHT 




















TOTAL CARBON 
CARBON . ————— - 
VARIETY AND CALCULATED Bll | CALCULATED 
Pars aes ssaneunt is IN SUGARS imran 7 DETERMINED 
PROTEINS TEINS AND | 
SUGARS 
(oi: ial es aaa C ‘| ig Se a 
Connecticut Field 
Size 1 37.4 1.4 38.8 38.8 
2 41.8 1.4 42.8 43.6 
3 45.8 1.4 47.2 50.2 
4 40.3 1.4 41.7 46.4 
Early Prolific 
Size 1 43.7 2.1 45.8 44.7 
2 43.5 2.1 45.6 44.1 
3 43.6 2.1 45.7 44.3 





* N x 6.25 = protein x 0.53 = C. 


calculated by the average value of 53 per cent. as suggested by PLIMMER 
(25). The carbon content as thus calculated, in addition to the carbon 
present in the form of sugars, has proved to be very nearly equal to the 
actual carbon observed. In the Early Prolific variety the value is even 
slightly higher than the observed, suggesting that the proteins present 
contain an average value of about 51 per cent. carbon. CoLweLi (3) found 
essentially the same relation in his work on Connecticut Field pumpkin. 
There is no ready way of explaining why over three times as much carbon 
per unit of nitrogen was found in the fruit as in the exudate. The more 
evident possibility is that materials were moving into the fruit by inde- 
pendent diffusion. As determined by CoLWELL, this situation would necessi- 
tate the diffusion of sugars into the fruit at more than three times the rate 
of nitrogen compounds, even though the latter are several times as concen- 
trated in the sieve tubes and even though the sugar gradient is in the wrong 


direction. 








CRAFTS AND LORENZ: CUCURBIT FRUITS AND PHLOEM EXUDATE 333 


If mass flow is operative, there are several possibilities. Since some 
water from the xylem would be required over and above that delivered by 
the phloem, possibly the excess carbon might enter in this way. Xylem 
sap of cucurbits is known, however, to be extremely dilute (7) and analyses 
have indicated that it contains more nitrogen than carbon. 

On the basis of the dry-weight measurements the apparent difference in 
the C/N ratio of about 13:1 in the exudate and 3:1 in the fruit results 
from differences in the nitrogen content, since the carbon content of the 
exudate was not much different from that of the fruit (tables III and IV). 
In the Connecticut Field pumpkin some carbon may have been provided by 
photosynthesis of the fruits, which are very green at first and turn yellow 
on ripening; but such could not have been the case with the Early Prolific 
variety, which is yellow and lacks chlorophyll. 

The data presented disregards the effect of respiration on the carbon 
content of the fruit. This carbon loss, however, would tend to make the 
C/N ratio of the fruit narrower than the ratio of the exudate; correction 
for such loss would tend to increase the discrepancy rather than eliminate it. 

If mass flow is operative and if the end walls of the sieve tubes with their 
parietal protoplasm act as filters, as the formation of particulate slime plugs 
would indicate (8), the proteinaceous compounds in the phloem might be 
restrained, the sugars or other carbonaceous compounds might pass more 
freely just as fine particles pass a filter more rapidly than coarse ones. A 
sample of sieve-tube sap might represent the composition of the contents 
without giving an index to the rates at which the various constituents are 
delivered. And if, when the phloem was cut, the sieve plates of many 
elements were disrupted by the rapid flow of contents, then the first sap 
to exude would represent a more reliable sample of sieve-tube contents; 
whereas later samples, collected after the gradient of flow had lowered, with 
no disruption of sieve plates, would reflect the rates of delivery, but not the 
composition of the sieve tubes. In other words, the first drop or two might 
approximate in composition the sieve-tube content, whereas the later collee- 
tions would approach the composition of the fruits. This does not seem to 
be the case; actual measurements between the first and second drops of 
exudate, although in the direction expected by this possible theory, indi- 
cated little if any significant difference in composition. A similar conclusion 
emerges from comparative data on successive collections from the same stem. 

Apparently the discrepancy in C/N ratio between phloem exudate and 
fruit of cucurbits cannot be explained by forcing through the sieve plates 
of highly proteinaceous vacuolar contents as a result of cutting. If such 
were the action, the ratio of succeeding samples should broaden radically 
as the pressure is relieved and as the flow approaches that of normal phloem 
transport. The ratio was found either to remain constant or to change only 
slightly in the exudate collected from successive cuts from the same stem. 

Just as clearly, the discrepancy in C/N ratio cannot result from the 
emptying of eut cells; the volume is entirely too great from a single cut 
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to have come from the sieve tubes that are opened (6, 7), and microscopic 
examination proves that the tubes are not empty after cutting. Nor can the 
diserepancy be caused by photosynthesis, for the fruits of Early Prolific 
Straightneck contain little or no chlorophyll. 

One further possibility is that the ectocyclic, entocyclic, and commissural 
sieve tubes of the cucurbit stem constitute a latex system and that the latex 
varies in composition from the phloem exudate sufficiently to account for 
the difference. Latex flows much more rapidly from tubes of a given size 
than does phloem exudate; if the latex were high in protein in comparison 
with exudate, it might come from a cut fast enough to provide the excess 
nitrogen of the samples that were collected and analysed. 

Several arguments oppose this view. According to careful anatomical 
studies by FiscHer, STRASBURGER, and Crarts (6), and others, though this 
cortical sieve-tube system differs from that of the main vascular bundles in 
both structure and content, the specialized elements are true sieve tubes 
with typical sieve plates, and not latex vessels. 

When a latex system is cut, it usually flows for a longer period than 
does the cut phloem. If this occurred, and if the latex were higher in 
nitrogen than phloem exudate, the C/N ratio of successive samples should 
narrow. In the one case, where successive drops were analysed (table IT), 
the C/N ratio of the second was broader than that of the first. In the results 
reported in table I, where a significant narrowing might have been expected 
between the first and succeeding samples, there is no major difference— 
except possibly in the last sample, where it would have no significance for 
the situation under examination. 

With these various possibilities eliminated, what explanation remains 
for phloem exudation in the cucurbits? There seems little chance that the 
exudation can be a manifestation of normal food movement. Rather, it 
appears to result from some secretory process in the phloem. By this 
process, apparently, a large amount of proteinaceous material is emptied 
into the sieve tubes, whence, by following the channel of least resistance, 
it flows to the cut surface. 

And what bearing has this situation on the mode of normal food trans- 
port? Because of the constancy of C/N ratio of the exudate cited above, 
and because the exudate contains largely proteinaceous material, whereas 
the particulate contents of the sieve tubes remain filtered out behind the 
sieve plates, it seems evident still that the sieve tubes constitute a permeable 
system through which liquid may flow rapidly. Further than this, the 
phloem exudation from cucurbits can have little significance, for the com- 
position of the exudate and the rate of flow seem unrelated to normal proc- 
esses of food movement. 

And of what significance is phloem exudation to the protoplasmic and 
mass flow theories of phloem function? It is of little import to either, for 
it provides no positive evidence. It suggests either that materials do not 
move into the fruit by a unidirectional mass flow, or that phloem exudate 
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is not a true sample of substances actually moving in the phloem. It does, 
however, emphasize that cucurbits may constitute a special group of plants 
with respect to both structure and function of their phloem. Obviously 
they should no longer be used as type material for teaching phloem anatomy. 
In fact, all plants exhibiting excessive exudation from the phloem should 
be viewed with suspicion, since sieve-tube structure and calculated trans- 
port both indicate that these rapid movements are not necessary nor normal 
in most plants. 

Some physiologists may consider the evidence presented by these studies 
to be damaging enough to justify abandonment of the mass-flow hypothesis. 
Judging, however, from the work of Moose (23) and that of Huser and 
his associates (14), phloem exudate from many species is relatively high in 
sugars and might therefore be a true sample of the assimilate stream of these 
species. Furthermore, as indicated above, CoLWELL (3) pointed out that 
the concentration relations of exudate and fruit of cucurbits do not support 
a diffusional mechanism. These studies indicate the need for chemical 
analyses of unmixed tissue saps and extracts, in contrast to the mass 
analyses of whole stem or root regions as commonly practiced in the past. 


Summary 


The nitrogen content of the phloem exudate of Connecticut Field 
pumpkin and Early Prolific Straightneck summer squash is much higher 
than is the nitrogen content of their fruits; the carbon contents are essen- 
tially the same. Thus the carbon/nitrogen ratio of the exudate is con- 
sistently lower than is that of the fruits. Furthermore, this ratio does not 
change significantly between the first and second drops of exudate nor 
between successive exudate samples collected by repeatedly cutting the same 
stems. It is concluded that phloem exudate from cucurbits can no longer 
be considered a true sample of the assimilate stream. 
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OSMOTIC QUANTITIES IN GROWING COTTON BOLLS! 
THOMAS KERR AND DONALD B. ANDERSON 
(WITH TWO FIGURES) 


Regional variety tests have shown that the tensile strength of cotton 
fibers of any given variety is influenced by environmental conditions. In 
general, the fiber seems to have greater strength when plant growth is 
checked by deficient water and less strength when water is not a limiting 
factor. This observation has led to the assumption that the strength of 
cotton fibers might be influenced appreciably by the turgor of the develop- 
ing fiber cells. If this assumption were correct, a knowledge of cell turgor, 
at critical stages in the growth of the fiber, should serve as an index of the 
tensile strength of the fiber. Since tensile strength is a property of the 
greatest importance, efforts were made to determine the diurnal and sea- 
sonal variations in turgor in the developing seeds of upland cotton grown 
in Raleigh, N. C. 

Cell turgor cannot be measured directly but it can be estimated indirectly 
in two ways: (a) by measuring volume changes in the cells, and (b) by deter- 
mining the difference between the osmotic pressures and the diffusion pres- 
sure deficits of the growing cells (11). Both methods have been employed 
by the writers. The data obtained by the use of the first method have been 
reported in a previous paper (1). This paper is a report of the results 
obtained in the application of the second method. 

The osmotic quantities of plant cells and their relation to the inter- 
cellular movements of water have been discussed by Ursprune (15) and by 
Meyer (11). The terminology used by Meyer is adopted in this paper. 

The movement of water between plant cells, and between cells and their 
environment has commonly been regarded as an osmotic phenomenon. The 
osmotic quantity designated as the diffusion pressure deficit is generally 
regarded by physiologists as having a much greater significance in deter- 
mining the direction and rate of water movements into and out of plant cells 
than the osmotic pressure of the cells (12). 

This is due to the fact that the direction and rate of water movement 
between cells is believed to be controlled by the relative diffusion pressure 
of the water in the different cells. Movement of water will occur from re- 
gions of higher to regions of lower diffusion pressure. The diffusion pres- 
sure of water is influenced both by the osmotic pressure and by the turgor 
of the cells. The presence of solutes decreases the diffusion pressure of 
water. The amount of this reduction of diffusion pressure is equivalent to 

1 Cooperative investigations between the Division of Cotton and Other Fiber Crops, 
Bureau of Plant Industry, Soils and Agricultural Engineering and the North Carolina 
Agricultural Experiment Station. Approved for publication as Paper no. 152 of the 
Journal Series of the North Carolina Agricultural Experiment Station. 
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the osmotie pressure of the cell. The diffusion pressure of water is increased 
by the application of pressure in direct proportion to the amount of pres- 
sure applied. Since plant cells contain solutes and since the vacuolar solu- 
tion is usually subjected to pressure (turgor) the actual diffusion pressure 
of the water in the cell is determined by the relation between the osmotic 
pressure and the turgor. The turgor, however, rarely equals the osmotic 
pressure of the cell so that the diffusion pressure of water in plant cells is 
usually somewhat less than the diffusion pressure of pure water. The amount 
of this deficit is the quantity designated by the term diffusion pressure deficit 
(hereafter abbreviated to D.P.D.). A simple diagram (fig. 1) may serve to 
clarify these relationships. 

If intercellular movements of water and movements of water between 
cells and their environment are simple osmotic phenomena, it follows that 


— <—DIFFUSION PRESSURE 
OF PURE WATER 


' 

t 

<—_ DIFFUSION PRESSURE 
; DEFICIT 


DECREASE IN DIFFUSION —> 


PRESSURE DUE TO 
PRESENCE OF SOLUTES €— INCREASE IN DIFFUSION 


(OSMOTIC PRESSURE) PRESSURE DUE TO 
CELL TURGOR 








e 25 
Fic. 1. Diagrammatic representation of the relation between osmotic pressure, turgor, 
and D.P.D. 


the relative D.P.D. of the water on the two sides of the cellular membranes 
will determine the direction and influence the rate at which water will move 
in the system. 

In our study we were concerned with the changes in cell turgor that oceur 
during the period of fiber development. This quantity cannot be measured 
directly but it can be caleulated readily if both the osmotic pressure and 
the D.P.D. are known. Our study, therefore, was directed to measurements 
of the osmotic pressure and the D.P.D. values of the cells of the cotton seeds. 
The osmotic pressures were determined cryoscopically and the D.P.D. values 
were measured by the gravimetric method described in Meyer and ANDER- 
son (13). 

Methods 

Cotton fibers are initiated from epidermal cells of the ovules on the day 

that the flower opens and during the following 2 or 3 days (8). By tagging 
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flowers that open on successive days through the growing season it is pos- 
sible, therefore, to collect bolls in which the age, and hence the state of devel- 
opment of the fiber cells, is known with accuracy. For this study several 
hundred flowers were tagged on each day during the flowering period so that 
bolls of known age could be identified at any time during the summer. 

Osmotic pressure determinations were made cryoscopically upon the sap 
expressed from the fiber cells alone, from seeds stripped of their fibers, and 
from seeds with their attached fibers. No significant differences were found 
between the osmotic pressures of the fibers and those of the seeds. The 
values reported in this paper were obtained from immature seeds taken from 
bolls of different ages, all of which were collected at 8 A.M. on a given day. 
Twenty-five bolls of each age were used as a sample. The youngest bolls 
were 12 days old and the oldest bolls were 36 days of age. The age interval 
between successive samples was 2 days. The bolls were brought into the 
laboratory and kept at about 8° C. in a refrigerator until the material could 
be prepared for freezing. 

The samples for freezing were prepared as follows: The 25 bolls of a 
given age were opened as rapidly as possible and all of the seeds from one 
earpel of each boll were put into a small aluminum box and covered with a 
tightly fitting lid. The closed box was then placed upon solid carbon dioxide 
in a large thermos jug. The boxes were kept surrounded with solid carbon 
dioxide until removed for expression of the sap. Each sample prepared 
for freezing thus contained about 8 seeds from each of the 25 bolls. 

The thoroughly frozen material was removed from the aluminum boxes 
and rapidly packed into the cylinder of a Carver hydraulie press. As soon 
as the material had thawed in the cylinder it was subjected to a pressure of 
about 10,000 pounds per square inch. The sap expressed was put into a 
test-tube and the test-tube was placed in an ice-water bath. Freezing point 
depressions were determined in duplicate as rapidly as possible with Heiden- 
hain thermometers. The observed freezing point was corrected for under- 
cooling, using the tables of Harris (7) and the osmotie pressure determined 
from the tables of Harris and Gortner (5) and Harris (6). 

It is not possible to determine the D.P.D. values of the fiber cells apart 
from the seeds to which they are attached. Each cotton fiber is an out- 
growth of a single epidermal cell that reaches a length of about one inch 
when full sized. The thousands of delicate fibers upon each seed are so 
thoroughly intertangled with each other that they cannot be separated or 
removed from the seed without destroying their turgor. 

For similar reasons D.P.D. determinations could not be made upon the 
intact seeds with their thick mats of tangled fiber cells. It is not possible to 
remove droplets of the solutions from the matted fiber cells without crushing 
or breaking the delicate fibers. 

It was necessary, therefore, to make the D.P.D. measurements upon seeds 
stripped of their fiber cells. In some experiments, as will be indicated later, 


D.P.D. determinations were made upon the embryos removed from the cot- 
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ton seeds. Theoretically, the D.P.D. values of the cells of the embryo, of the 
surrounding tissues of the seed, and of the fiber cells should be similar since 
they are in dynamie equilibrium in detached seeds. Actual determinations 
showed that the D.P.D. values of embryos and of seeds stripped of fiber cells 
were identical within the limits of experimental error. 

The diffusion pressure deficits of the immature seeds were determined by 
finding the sucrose solution in which the young seeds neither gained nor lost 
weight after immersion in the solution for at least two hours at about 8° C. 
Immersion for two hours was sufficient for an equilibrium to be reached be- 
tween the solution and the seeds since trials with longer periods of immer- 
sion did not alter the value obtained for the D.P.D. The osmotie pressure 
of the sucrose solution in which equilibrium was attained without gain or loss 
in weight was considered to be equal to the D.P.D. of the cells of the seeds. 

The sucrose solutions were freshly prepared for each series of measure- 


TABLE I 


VARIATIONS IN THE WEIGHT OF IMMATURE COTTON SEEDS AFTER IMMERSION IN SUCROSE 
SOLUTIONS OF DIFFERENT CONCENTRATIONS FOR 2 HOURS AT 8° C., 




















WEIGHT OF SEEDS WEIGHT OF SEEDS 
Conc. OF SUCROSE AND CONTAINERS AND CONTAINERS | GAIN OR LOSS 
SOLUTION BEFORE IMMER- AFTER 2 HOURS IN WEIGHT 
SION IMMERSION 
M gm. gm. gm, 
0.50 7.223 46.922 — 0.301 
0.45 48.450 48.435 — 0.015 
0.40 49.480 49.560 + 0.080 
0.35 49.250 49.450 0.200 





0.30 | 7.270 
ments. Five different sucrose solutions were usually employed in deter- 
mining each D.P.D., the concentrations ranging from 0.30 to 0.50 M inelu- 
sive at intervals of 0.05 M. With the older seeds it was found necessary to 
use a larger number of solutions so as to extend the range of concentration 
from 0.35 to 0.65 M. 

The samples prepared for the D.P.D. determinations were taken from 25 
bolls of the same age groups used in the osmotic pressure measurements. 
The bolls were brought into the laboratory and kept in a refrigerator at 
about 8° C. until the seeds could be extracted and prepared for the tests. 
In preparing a sample all of the bolls of a given age were taken from the 
refrigerator and all of the seeds from two carpels of each boll were removed 
and thoroughly mixed together. Seeds to be used in the D.P.D. determina- 
tions were taken from this mixture, quickly stripped of their lint hairs, and 
rolled gently against absorbent tissue paper to remove surface moisture. 
About 15 grams of seeds were placed in a weighing bottle, weighed accu- 
rately to the nearest centigram, milligrams being estimated, and then trans- 
ferred to not less than 100 ml. of a given sucrose solution contained in a 
small screw-topped glass jar. The jar was then placed in a refrigerator 
for at least 2 hours. Similarly weighed quantities of seeds were added to 
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each of the sucrose solutions used in the determination. Four workers were 
employed in preparing the samples so that a period of not more than 10 or 
15 minutes elapsed between the time that the 25 bolls of a given age were first 
opened and the time that the 5 sucrose solutions containing weighed quan- 
tities of seeds were placed in the refrigerator. 

At the end of two hours—or slightly longer in some instances—the 5 jars 
with seeds of a given age were taken from the refrigerator; the seeds were 
quickly removed from the solutions and rolled gently on absorbent tissue 
paper until no more of the solution could be blotted off with the absorbent 
tissue. The seeds were then transferred to the weighing bottle previously 
used and weighed. A typical series of results is given in table I. 

The seeds of this series had a D.P.D. equal to that of the water in about 
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Fig. 2. Variation in O.P. and D.P.D. of immature cotton seeds during period of 24 


days. 


0.44 M sucrose solution. According to the table of Ursprune and Buu 
(16) a sucrose solution of this molarity has an osmotic pressure of 12.4 atm. 
at 20° C. Since the equilibrium was attained while the seeds were at a tem- 
perature of about 8° C. the osmotic pressure of the equilibrium solution was 
slightly less than this amount. At 20° C., however, the D.P.D. of the seeds 
would be 12.4 atm. and the tables of UrsPprRuNG and BLUM were used to deter- 
mine the osmotic pressure of the sucrose solutions used in our determinations 
of D.P.D. values. The limitations of the method are such that high pre- 
cision cannot be expected. With experience the experimental error was 
reduced to the point where a probable accuracy within 0.5 to 0.7 of an atmos- 
phere was obtained. 
Results and discussion 


The variations in osmotic pressures of the sap expressed from the imma- 


ture seeds of different ages are shown in figure 2. This curve is the average 
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of three separate determinations made on August 6, 12, and 13, 1941. No 
one of the determinations varied appreciably from the average given in the 
figure (table II). The sharp drop in the osmotic pressure that occurs about 
16 days after flowering coincides with the stopping of fiber elongation and 
the initiation of secondary wall deposition. The drop in osmotic pressure 
at this time is undoubtedly associated with the decrease in sugar resulting 
from the rapid synthesis of cellulose in the developing fibers. Analyses of 
cotton fibers for sugars show a similar drop in sugar content at this stage 


TABLE II 
OSMOTIC PRESSURES OF IMMATURE SEEDS {N ATMOSPHERES 








AGE OF COLLECTED COLLECTED COLLECTED ae 
SEEDS AUGUST 6 | AvGustT 12 AveGust 13 AVERAGE 
days atm. atm. atm. atm. 

12 14.69 15.12 14.87 
14.62 15.05 

14 14.99 13.74 15.73 14.85 
| 14.97 13.74 15.92 

16 14.23 | 14.81 14.85 14.64 
14.30 14.81 14.81 

18 12.48 11.28 12.00 11.92 
12.45 11.33 11.95 

20 11.74 10.79 11.83 11.47 
11.70 | 10.93 | 11.85 

22 11.13 10.55 11.22 10.98 
11.30 10.49 11.2] 

24 10.61 10.55 10.72 10.63 
10.56 10.48 10.84 

26 10.37 10.17 10.13 10.24 
10.46 10.18 10.12 

28 10.61 10.11 9.66 10.10 
| 10.55 10.12 9.67 

30 10.51 9.56 9.55 9.97 
10.52 9.62 10.06 

32 10.22 9.40 10.17 9.93 
10.14 9.42 10.24 

34 9.65 9.80 9.08 9.54 
9.64 9.85 9.21 

36 8.94 9.33 9.90 9.44 
9.02 9.37 10.09 


| 
! 


of fiber development (4). The osmotic pressure of the sap from the seeds 
continues to decrease slowly until the seeds are almost mature. 

The variations in the D.P.D.’s of the growing seeds are shown in figure 2. 
The curve of D.P.D. values is based upon two separate determinations, one 
made on August 8 and the other on August 22, 1941. On August 8, bolls 
that flowered upon odd days of the month were used and on August 22 bolls 
that flowered upon even days were collected. Although the values of the 
two sets of determinations do not agree as closely as the osmotic pressures, 
the pattern of variation is the same. 

A number of D.P.D. measurements were also made during the summer 
of 1940 upon immature seeds from bolls of several varieties. In all of these 
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determinations the pattern of the variation in D.P.D. with age was the same 
as that shown in figure 2. The actual values differed with environmental 
conditions but the D.P.D.’s were always found to increase rapidly after the 
seeds were about 24 days old. No osmotic pressure measurements were made 
during the summer of 1940. 

The variations in the D.P.D. values of the immature seeds are strikingly 
unlike those of the osmotic pressure. In young seeds where osmotic pres- 
sures are relatively high the D.P.D.’s are low. Shortly after the osmotic 
pressure begins to fall the D.P.D.’s begin to increase sharply. Before the 
seeds are 25 days old the D.P.D.’s exceed the osmotic pressures and the diver- 
gence of the curves continues until at 36 days the D.P.D.’s of the immature 
seeds are almost twice as great as the osmotic pressure. 

This relation between the osmotic pressure and the D.P.D. in the older 
seeds is so unusual that it seems important to establish firmly the validity 


TABLE III* 


OSMOTIC PRESSURES OF CELL SAP FROM SEEDS OF THREE AGES BEFORE AND AFTER 
IMMERSION IN SUCROSE SOLUTIONS 


O.P. oF sap 











EXPRESSED 
.P.OF SAP | CONC. OF a A 
AGE OF O.P. OF 8 . en 4 So O.P. or FROM SEEDS 
oaniin EXPRESSED | op cEEDS SUCROSE SUCROSE Posse snc se ma a 
ee FROM SEEDS | iia SOLUTION SOLUTIONS ; 
| SION IN 
SUCROSE 
days atm. atm. M atm. atm. 
18 9.63 7.0 0.25 6.7 } 9.63 
23 8.07 10.2 0.40 ra.3 8.35 


30 7.77 13.7 0.50 14.3 9.12 


= ~— -_ 


* The osmotic pressures of these samples are somewhat lower than those obtained in 
the determinations shown in figure 2. These lower values are probably the result of dif- 
ferent weather conditions. The determinations plotted in figure 2 were made during the 
first 16 days of August. The osmotic pressures of the seeds in table III were determined 
on August 19 after soil moisture had been increased by rains. Although the osmotic pres- 
sures of the seeds are somewhat lower the pattern of the variation of this quantity parallels 
almost exactly that illustrated in figure 2. 
of the data. One possible explanation of the high D.P.D. values of the 
older seeds is that sucrose penetrated more readily into these seeds than into 
the younger material. To test this possibility bolls of 18, 23, and 30 days of 
age were collected and brought into the laboratory. The seeds from all of 
the 18-day bolls were mixed together thoroughly and then divided into 3 
groups. The seeds of the first group were used to obtain a measure of the 
osmotic pressure of the cell sap, those of the second group were used to deter- 
mine the D.P.D.’s and the seeds in the third group were immersed in a 
sucrose solution which closely approximated the D.P.D. of the seeds. The 
solutions containing the seeds of the third portion were placed in the refrig- 
erator at about 8° C. for 2 hours. At the end of this period the seeds were 
removed from the solutions, the surface moisture was carefully blotted off 
and the seeds were frozen with solid carbon dioxide. Osmotie pressures of 
the expressed sap were then determined in the usual manner. 
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Seeds from bolls of the other two age groups were treated in the same 
way. Sucrose solutions with osmotic pressures approximating the D.P.D.’s 
of the cells of the seeds were chosen so as to avoid plasmolysis and thus to 
prevent the entrance of sucrose between the contracted protoplast and the 
cell wall. The results of the test are shown in table III. 

The data show that the osmotic pressure of the seeds of the two lower 
ages has not been appreciably changed by immersion in sucrose solutions of 
the concentrations employed. Since the concentrations were adjusted so as 
to prevent appreciable gain or loss of water from the cells any change in 
osmotic pressure would be largely the result of a net gain or loss of solutes 
by the cells of the seeds. The osmotic pressure of the sap expressed from 
the thirty-day-old seeds after immersion for 2 hours in 0.5 M sucrose was 
1.35 atm. higher than the osmotic pressure of the seeds before immersion. 
Whether this represents a penetration of sucrose into the cells or merely 
sucrose that was incompletely removed from the surface of the seeds was not 
determined. In no case was the osmotic pressure of the cells of the seeds 
altered sufficiently by immersion to account for the high D.P.D. values 
obtained. 

The curves representing the relationship between the D.P.D. values and 
the osmotie pressures of the cells in the developing cotton seeds are clearly 
inconsistent with the theoretical discussion of these quantities presented 
earlier in the paper. According to theory, the D.P.D. of an osmotic system 
could only exceed the osmotic pressure if the solution were under tension. 
This does occur commonly in the vessels of the xylem and less frequently 
in other tissues but is not the explanation of the high D.P.D. values here 
presented. The seeds were turgid when immersed in the solutions. It was 
noticed repeatedly while drying the seeds after removal from the solutions 
that the D.P.D. of the seeds could be predicted before the second weighings 
were made by the loss of turgor in the seeds immersed in solutions having 
osmotic pressures above the equilibrium point. 

The elimination of internal tensions as an explanation focuses attention 
upon two other possible interpretations of the data: (a) the possible influ- 
ence of the respiratory energy of the cells upon water absorption, and (b) 
the role of imbibition. 

In recent years a number of investigators (2, 3, 9, 10, 14) have found that 
living cells may absorb water against osmotic gradients—sometimes against 
very steep gradients. This fact calls to mind the similar behavior of active 
living cells in the accumulation of mineral elements against steep diffusion 
gradients. The latter process has been shown to be associated with respira- 
tion and it has been suggested that water absorption also may be influenced 
by the expenditure of respiratory energy (3,14). This possible explanation 
of our data seemed worthy of experimental exploration. 

A number of experiments was carried out in the summer of 1943 to 
determine the importance of respiration as a factor influencing the absorp- 
tion of water by cotton seeds. Material was collected from 28-, 30-, and 
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32-day-old bolls and prepared in the manner described earlier. Preliminary 
experiments showed that the D.P.D. values of the seeds of the summer of 
1943 agreed almost exactly with the values obtained in 1940 and 1941, 
D.P.D. values were then determined upon cotton seeds, the respiratory 
activity of which was greatly reduced by the use of dilute solutions of 
KCN, ether, or chloroform. A series of sucrose solutions was prepared 
with 10* M KCN and with 10°° M KCN in place of distilled water. The 
D.P.D. values of seeds immersed in these solutions at 8° C. for two and 12 
hours were identical with those of the controls. Similar results were ob- 
tained when the seeds were allowed to remain in the KCN solutions for six 
hours at 25° C. before being placed in the refrigerator. In no ease did the 
presence of KCN in these concentrations produce any appreciable decrease 
in the amount of water absorbed by the seeds or lower the D.P.D. value below 
that of the controls. 

Experiments were then carried out with sucrose solutions to which suffi- 
cient ethyl ether had been added to saturate the solution. Other series were 
prepared. with saturated chloroform. The D.P.D. values of the seeds in 
these solutions likewise were the same as those of the controls. 

To eliminate any possible effect of the seed coats in preventing the pene- 
tration of the KCN and the anaesthetics several series of experiments were 
performed with the embryos alone. The embryos were removed from 32- 
day-old cotton seeds and D.P.D. determinations were carried out with this 
material in the manner described for entire seeds. Some of the series were 
prepared with the sugar solutions made up with 10°°M KCN solutions, to 
others ether was added in sufficient amounts to produce saturated solutions 
-and to still other series enough chloroform was added to give a saturated 
solution. The results obtained with the embryos alone were in close agree- 
ment with the results of experiments in which entire seeds were used. 
Neither the D.P.D. values nor the amounts of water absorbed by the em- 
bryos were altered appreciably by any of the treatments described. 

The absorption of mineral elements against concentration gradients is 
characteristic of growing cells. The growth in size of the cotton seed, how- 
ever, occurs during the first twenty days after flowering and during this 
period the relation of osmotic pressure and D.P.D. is thoroughly orthodox. 
Only after growth in size has ceased do we find the apparent absorption of 
water against osmotic gradients. It is important to realize, however, that 
the enlargement of the cotton seed does not involve a similar increase in the 
size of the embryo. The embryo remains very small during the period of 
seed enlargement and does not begin its increase in size until after the seed 
has attained its mature dimensions. At this time the embryo begins rapid 
growth at the expense of the endosperm attaining its full size about 36 days 
after the opening of the flower. The period of embryo growth, therefore, 
parallels the period in which the D.P.D. values undergo their greatest in- 
crease and the period in which the D.P.D. values exceed the osmotic pres- 
sure of the sap expressed from the cells of the seeds. 
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It seems clear from these data that the energy of respiration cannot be 
an important factor in accounting for the absorption of water by full-sized 
cotton seeds. Since the movement of water apparently occurs against 
osmotie gradients, simple osmosis cannot furnish a satisfactory explanation. 

Although seeds have long been favorite material to demonstrate imbibi- 
tion, it seemed difficult, for theoretical reasons, to regard it as a factor of 
importance in accounting for the results of these experiments. Presumably 
the water bound by hydrophilic colloidal systems would have the same 
D.P.D. as the water in adjacent vacuolar solutions. To assume that hydro- 
philic colloids of the protoplasm could maintain D.P.D. values greatly in 
excess of the vacuolar solutions with which they were in contact presented 
problems as difficult of explanation as the movement of water against osmotic 
gradients. This difficulty led us, at first, to consider it improbable that 
imbibitional forces were operating to produce the results we obtained. The 
elimination of respiratory energy as a factor, however, led us to reconsider 
the possible réle of imbibition. 

It has been pointed out that the period in which the D.P.D. values exceed 
the osmotic pressures corresponds to the period in which the embryo under- 
goes enlargement at the expense of the endosperm. The cells of the embryo 
are typical meristematic cells with small vacuoles while the cells of the endo- 
sperm are larger, possess conspicuous vacuoles and contain large amounts of 
carbohydrates. A large increase in meristematic tissue and a rapid dis- 
appearance of the vacuolated cells of the endosperm occur, therefore, at the 
period when the forces with which water is absorbed undergo a rapid in- 
crease in magnitude. 

These facts suggest that imbibition may be playing a role of primary im- 
portance in the absorption of water by the older seeds. It seems probable 
that osmotic systems are relatively unimportant in the meristematic cells 
of the embryo where vacuoles are small and where hydrophilic sols and gels 
make up such a large proportion of the cell contents. The rapid destrue- 
tion of the endosperm and the conversion of its osmotically active carbo- 
hydrates and inorganic ions into the proteins, oils, and other organic com- 
ponents of the growing embryo parallel the period in which the osmotic 
pressures of the seeds decrease in magnitude. Such changes would increase 
the hydrophilic properties of the seeds and reduce the importance of osmotic 
systems in water absorption. Water absorption in the older seeds probably 
becomes almost entirely the result of imbibition. 

The lack of dynamic equilibrium between the water of the osmotie sys- 
tems and that bound by the hydrophilic colloids in the older seeds is more 
apparent than real. When the seeds are frozen with solid CO. both water 
and solutes are released by the destruction of some of the hydrophilic col- 
loidal systems and the osmotic pressures obtained by cryoscopic measure- 
ments of this sap cannot be expected to represent accurately its true value 
in living intact cells. In the younger seeds, however, the larger portion of 
the seed is composed of vacuolated cells, and hydrophilic colloids make up 
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a much smaller proportion of seed volume so that a closer approximation 
of the average osmotic pressures of living cells may be expected from eryo- 
scopic measurements. The fact that the osmotic pressures of the sap ex- 
pressed from the older seeds falls well below the D.P.D. values must not 
be taken to mean that dynamie equilibria between these forces are lacking 
in the living tissues of the seeds. 

It is not our intention to suggest that imbibition is an important factor 
in accounting for the results of other invesigators who have reported move- 
ments of water against osmotie gradients. There is evidence which sup- 
ports the thesis that respiration is a factor in water absorption as well as in 
the accumulation of mineral elements. We do believe, however, that the 
accumulation of water against osmotic gradients in the developing seeds of 
cotton may be interpreted more logically as a result of imbibitional forces 
than as a consequence of the continued expenditure of metabolic energy. 


Summary 


1. The variations in the osmotic pressures of sap expressed from imma- 
ture cotton seeds and the variations in the D.P.D. values of living seeds of the 
same ages have been measured for a period of 24 days during the growth 
of the seeds. 

2. In seeds younger than 24 days the osmotic pressures exceed the 
D.P.D.’s. 

3. In seeds older than 24 days the D.P.D.’s exceed the osmotic pressures, 
the divergence increasing rapidly with age. 

4. Neither the D.P.D. values nor the amount of water absorbed by the 
seeds were reduced by treatments that inhibited respiration. 

5. It is suggested that the lack of equilibrium between O.P. and D.P.D. 
is more apparent than real and that imbibition is largely responsible for the 
absorption of water by the cotton seeds. 
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RELATION BETWEEN LIGHT INTENSITY AND RATE OF 
PHOTOSYNTHESIS OF LOBLOLLY PINE 
AND CERTAIN HARDWOODS 


PauL J. KRAMER AND JOHN P. DECKER 
(WITH TWO FIGURES) 


One of the most important forestry problems in the south concerns the 
tendency of pine stands to be succeeded by hardwoods. This occurs because 
pine seedlings usually fail to survive under forest canopies while the seed- 
lings of many hardwood species survive and grow. It is often supposed that 
the failure of pine seedlings to grow under a forest canopy results from their 
high light requirements. Pine seedlings are assumed to be unable to carry 
on photosynthesis rapidly enough in the shade of a forest canopy to survive. 
Many hardwoods which presumably have lower light requirements and ean 
therefore manufacture food more efficiently in the shade are able to grow 
vigorously under these conditions. Experiments of Korstian and Come 
(6) indicate, however, that pine seedlings will thrive in the shade of a pine 
or hardwood stand if protected from the root competition of the over-story 
trees by trenching. Evidently pine seedlings can carry on enough photo- 
synthesis in the shade to provide food for growth, if supplied with sufficient 
water. 

These results raise some questions concerning the actual effect of low light 
intensity on the photosynthesis of pine seedlings and the importance of shade 
in the competition of pine with hardwoods. Few measurements of the rate 
of photosynthesis of tree seedlings have been made. The only comparison 
of American species of pines and hardwoods is based on determinations of 
the compensation points of several species made by Burns (1). Since no 
data are available for species native to the southeastern states several series 
of experiments were performed to determine the relative rates of photosyn- 
thesis of pine and certain competing hardwoods at various light intensities. 
The species studied were loblolly pine (Pinus taeda L.), eastern red oak 
| Quercus borealis maxima (Marsh) Ashe], white oak (Quercus alba L.) and 
dogwood (Cornus florida L.). It was hoped that these experiments would 
vield information concerning the physiological differences between loblolly 
pine and the hardwoods which would aid in explaining the differences in 
their behavior when growing under forest stands. 


Methods 
The plants used in these experiments were one- or two-year-old potted 
seedlings which had been grown out-of-doors, except the eastern red oak 
which was grown in a greenhouse at about half the intensity of full sunlight. 
The seedlings were kept in the laboratory only long enough for the actual 
tests, then returned to the greenhouse or out-of-doors. The plants were kept 
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well watered at all times because deficient soil moisture might seriously affect 
photosynthesis. All experiments were performed during the summer. 

Apparent photosynthesis was measured by determining the difference in 
carbon dioxide content of an air stream before and after it was passed over 
the top of a seedling. The carbon dioxide content of the air was determined 
by passing it through a tower containing dilute sodium hydroxide and esti- 
mating the change in concentration of the alkali by titration, or in later 
experiments by the change in conductivity. Two seedlings were tested at 
the same time. The tops of the plants were enclosed in cylindrical chambers 
consisting of brass bases carrying covers made of cellulose acetate. The 
air inside the chambers was kept cool by circulating it over a coil through 
which flowed a stream of cold water. Two of these plant chambers were 
enclosed in a large rectangular chamber with a glass top over which was 
mounted a battery of projector-type mazda lamps. The air in this chamber 
was cooled by a small refrigerator unit and much of the heat from the lamps 
was absorbed by a one-inch layer of water flowing over the glass top of the 
chamber. All determinations of photosynthesis were made at approxi- 
mately 30° C. Very satisfactory illumination was provided by two 300- 
watt and six 150-watt projector spot lights focussed on each plant chamber. 
This gave a light intensity of nearly 10,000 foot candles in each plant cham- 
ber. Lower light intensities were obtained by shading the plant chambers 
with various combinations of wire cloth and cheese cloth shades. DEckER 
(3) has given a more complete description of the apparatus. 

During the experimental runs the seedlings were maintained at a par- 
ticular light intensity for one hour and a fifteen-minute adjustment period 
was allowed before a run was started at a new intensity. The time required 
for adjustment to a new intensity was found to be very short so that a 
fifteen-minute period was ample. The rate of air flow was such that not 
over 15 per cent. of the carbon dioxide was removed by the plants, thus 
concentration of carbon dioxide did not become a limiting factor (3). Pre- 
liminary experiments indicated that photosynthesis of oaks began to de- 
crease rapidly after five or six hours at a high light intensity so no tree was 
kept in the apparatus more than four hours in any one day. 

The comparison of loblolly pine with eastern red oak was the most elab- 
orate experiment of the series. The design for this experiment was a Latin 
square in which seven pairs of seedlings were tested at seven different light 
intensities, ranging from 300 to 9,300 foot candles, and the experiment was 
extended over seven days. Each pair of seedlings consisted of one of each 
species, thus minimizing any possible day-to-day variations between species 
caused by weather or any other environmental factors. 

The light intensities were so randomized that no two pairs received the 
same sequence, thus the effect of exposure to one intensity on behavior at 
a subsequent intensity could be eliminated. White oak was tested by itself 
at seven light intensities, using seven seedlings arranged in a seven by seven 


Latin square. Dogwood was also tested by itself. Twelve seedlings were 
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used, two being tested at a time in a randomized sequence of seven light 
intensities. The experiments on loblolly pine and eastern red oak were 
performed in September, 1941. The series on white oak and dogwood were 
performed in June and July, 1942. 


Results 


The results of these experiments are shown graphically in figures 1 and 
2. In figure 1 the results are expressed as milligrams of carbon dioxide per 
100 square centimeters of stomate-bearing leaf surface. Loblolly pine has 
stomates on all three surfaces of its needles, while the deciduous species have 


stomates only on the under surfaces. The leaf areas of the deciduous species 
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Fig. 1. Photosynthesis of tree seedlings for one hour periods at various light inten- 


sities with temperature maintained at approximately 30° C, 


were determined with a photoelectric leaf area device while those of the pines 
were calculated by the method described by KozLowskr and ScHUMACHER 
(7). In figure 2 all rates of photosynthesis for each species are expressed 
as percentages of the rate for the light intensity at which that species showed 
maximum photosynthetic activity. 

Choice of a satisfactory basis for comparing the photosynthetic activity 
of different species is somewhat difficult. In most previous research the 
results have been expressed as the rate of carbon dioxide absorption per 
unit of leaf tissue, usually per unit of leaf surface. Unt (14) investigated 
the relation between photosynthetic activity in various species of pine and 
several different methods of estimating active leaf tissue. He found the 
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rate of photosynthesis was more closely related to the area of illuminated 
leaf surface than to total leaf surface, internal volume, chlorophyll content, 
or stomatal opening. In passing it should be stated that Unu followed 
stomatal opening by infiltration with ether which, according to Scorn (12), 
probably is not a reliable method. The results of Pickerr (10) suggest 
that the rate of photosynthesis may be closely related to the area of internal 
exposed surface. The difficulties of measuring the internal surface prevent 
its extensive use. Any comparison based on units of leaf tissue assume that 
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Fig. 2. Photosynthesis of tree seedlings expressed as percentages of maximum ob- 


served rates. These curves are plotted from the same data as the curves in figure 1. 


a unit of tissue of one species is physiologically similar to a unit of tissue 
of another species. This has not been demonstrated, especially for such 
dissimilar tissue as pine and hardwood leaves. It is therefore simpler and 
more satisfactory to base the comparisons between species on the observed 
maximum rates of photosynthesis and to express all observations directly 
in terms of the observed maxima, as done in figure 2. Such comparisons 
require the assumption that the maxima have similar significance for the 
growth of the species being compared. For example, the maximum photo- 
synthetic rate of pine is assumed to have the same significance for the growth 
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of pine seedlings that the maximum photosynthetic rate of oak has for the 
growth of oak. This assumption seems reasonable, but has not been tested 
experimentally. 

It should be remembered that the method used in this study measures 
apparent photosynthesis; that is, photosynthesis minus respiration. This is 
because it measures only the carbon dioxide absorbed from the surrounding 
air, while the actual rate of photosynthesis in terms of carbon dioxide used 
includes both the carbon dioxide absorbed from the surrounding air and 
that produced in respiration. As the rates of respiration of loblolly pine 
and eastern red oak were determined, the actual rates of photosynthesis ot 
these species could have been calculated by adding the rate of respiration 
to the rate of photosynthesis, but for our purposes there was no advantage 
in using the actual rates. 

Inspection of the curves in figures 1 and 2 show certain similarities as 
well as important differences among the four species studied. All four 
species show a rapid rise in rate of photosynthesis with increase in light 
intensity at the lower intensities. This is said by LuNpEGARDH (8) to be 
characteristic of most species and is quite apparent in the curves for various 
species published by him. The difference between the behavior of loblolly 
pine and that of the three hardwood species is very striking and is best seen 
in figure 2. Photosynthesis of loblolly pine increased with increasing light 
intensity up to the maximum intensity available, which was over 90 pe= cent. 
of full sunlight. Statistical analysis of the data indicates that the increase 
in photosynthesis from half to full light intensity was signifieant; that is, 
such an increase would occur by chance less than once in twenty experi- 
ments. The relation of rate of photosynthesis to light intensity was similar 
in all three hardwoods, the maximum rate being attained at one-third or less 
of full light intensity and further increase in light intensity producing no 
further increase in photosynthesis. There is some indication that photo- 
synthesis of the hardwoods might have decreased slightly at the higher light 
intensities, but statistical analysis showed that the observed decrease might 
have oceurred by chance more than once in twenty experiments. LuUNDE 
GArDH (8) shows a curve for the shade fern Dryopteris austriaca with a 
marked decrease in photosynthesis at high light intensities. He also shows 
a curve for photosynthesis of Pinus sylvestris at various light intensities 
which is very similar in shape to our curve for loblolly pine. 

It would be interesting to compare the rates of photosynthesis obtained 
in this experiment with those obtained by other investigators. Unfortu- 
nately this is difficult because of the various bases upon which results have 
been calculated and the lack of definite information concerning methods 
used. Un’s data (14) on photosynthesis of various species of pine, for 
example, are based on fresh weight of leaves and therefore cannot be com- 
pared with our data. Hernicke and CurLpers (5) reported that the average 
rate of photosynthesis of an apple tree for the entire season was 4.5 mg. of 


carbon dioxide per 100 square centimeters of leaf area. For the best ten 
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days of the season the average rate was about 6.6 mg. of carbon dioxide per 
100 square centimeters of leaf area. Much higher rates were obtained with 
single leaves fully exposed to bright light. In our experiments the maxi- 
mum rates of photosynthesis per 100 sq. cm. of leaf area per hour were: lob- 
lolly pine, 3.59 ; eastern red oak, 6.04; white oak, 5.33; dogwood, 3.06. The 
rates of photosynthesis of the forest trees studied seem at least to be of the 
same order of magnitude as that of apple. 

In considering these data it should be remembered that temperature was 
maintained at about 30° C. regardless of light intensity while in nature 
temperature would usually vary considerably with changing light intensity. 
The natural fluctuations in temperature might have considerable effect on 
the rate of apparent photosynthesis through changes in the rate of respira- 
tion. Decker (3) found the apparent photosynthesis of loblolly pine to be 
nearly twice as high at 30° as at 40° C. 
50 per cent. higher at 40° than at 30° C. Although no data are available 
it is likely that respiration of oak is likewise affected materially by tempera- 
ture. It should also be remembered that the seedlings were never exposed 
to any given light intensity for more than an hour and a quarter whereas 
in nature they might be exposed to a high intensity for several hours. <Ae- 
cording to Unt (14) several species of pine often show a mid-day decrease 
in photosynthesis and NutmMan (9) states that Coffea arabica shows a de- 
erease in photosynthesis at high light intensities because of closure of 


and the rate of respiration to be over 


stomata. 

The closely grouped pine needles undoubtedly shaded each other more 
than the oak leaves, and the dogwood leaves may also have shaded each other 
more than the oak leaves. Probably differences in mutual shading of leaves 
by one another is an important factor in the differences in rates of photo- 
synthesis of different species. The greater the extent of mutual shading 
the higher the light intensity required for maximum photosynthesis. Since 
photosynthesis of the entire tops of these seedlings was measured, mutual 
shading was a much more important factor than if photosynthesis had been 
measured on individual, well-exposed leaves. HeEtNickre and CHILDERS (5) 
state that although individual apple leaves exposed to full light may reach 
their maximum rate of photosynthesis at one-fourth or one-third of full 
sunlight the rate of photosynthesis of the entire tree increases up to full 
sunlight. This, they state, is because a large part of the foliage is normally 
shaded and receives enough light for rapid photosynthesis only in the bright- 
est sunlight. 

Discussion 


The results of these experiments aid materially in explaining why lob- 
lolly pine seedlings are unable to survive under pine and hardwood stands 
where hardwood seedlings thrive. According to Korstran and Come (6) 
the average light intensity on a sunny day under a 31-year-old loblolly pine 
stand is about 4,500 foot candles and under a hardwood stand composed 
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chiefly of oaks it is only about 1,900 foot candles. Reference to figure 2 
shows that pine seedlings would attain about 75 per cent. of their maximum 
photosynthesis under such a pine stand and only 60 per cent. of their maxi- 
mum rate under the hardwood stand. All three species of hardwood seed- 
lings would attain approximately their maximum rate of photosynthesis 
even under the hardwoods. As shown by the results of the trenched plot 
experiments pines are able to survive in this much shade if provided with 
adequate water, but the difference in rates of photosynthesis undoubtedly 
results in the hardwoods having more food available for growth. ComE (2) 
found year-old seedlings of white oak grown under forest stands to have 
more extensive and deeper root systems than pine seedlings from similar 
sites. The more extensive root systems and presumably more adquate food 
reserves may have some connection with the marked tendency of many hard- 
woods to sprout from the roots after they have been cut or killed back. This 
ability to sprout is doubtless one reason for the survival of hardwoods. 
Come also found that loblolly pine seedlings grown under pine and hard- 
wood stands consistently had smaller, less extensive root systems than seed- 
lings grown during a season with unusually high rainfall, so soil moisture 
could seareely have been limiting in either site. Hate (4) likewise reported 
very poor root systems on several western species of conifers when grown in 
the shade. It seems probable that the root systems are smaller on pine seed- 
lings grown in the shade because they are unable to synthesize enough food 
for the growth of extensive root systems. So long as soil moisture is rela- 
tively abundant the less extensive root systems of pine are no hindrance to 
survival, but during periods of deficient soil moisture pine seedlings are at 
a disadvantage as compared to hardwood seedlings with their more extensive 
root systems. Of course it has not been proved that the death of the pine 
seedlings is directly caused by desiccation, probable as this seems. It has 
been demonstrated that deficient soil moisture greatly reduces photosyn- 
thesis of apple (11) so it is possible that starvation is also a factor in bring- 
ing about death of pine seedlings during a drought. 

Several aspects of this problem deserve further attention. It is hoped 
that studies can be made of the effects of light intensity, scil moisture, and 
mineral nutrition on the rate of photosynthesis and growth of pine and 
hardwood species. In the light of our present knowledge, however, it seems 
possible that pine seedlings are unable to survive under forest stands be- 
cause they are unable to manufacture enough food to grow sufficiently exten- 
sive root systems for the absorption of adequate water and minerals during 
periods of deficient soil moisture. 


Summary 


Rates of photosynthesis of loblolly pine, eastern red oak, white oak, and 
dogwood were determined for one-hour periods at approximately 30° C. at 
various light intensities from 300 up to nearly 10,000 foot candles. 
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Photosynthesis of loblolly pine increased with light intensity up to the 
highest light intensity used which is almost that of full sun. Photosynthesis 
of the three hardwood species reached its maximum at one-third or less of 
full sunlight and showed slight, but statistically insignificant, decreases at 
higher light intensities. 

These results indicate that lack of sufficient light for maximum photosyn- 
thesis may be a significant factor in the failure of pine seedlings to become 
established under forest stands. Pine seedlings are probably unable to 
manufacture enough food in the shade to develop sufficiently extensive root 
systems for the absorption of adequate water during periods of drought. 
Certain species of hardwood seedlings, on the other hand, are able to carry on 
relatively more photosynthesis in the shade and therefore can develop more 
extensive root systems, probably thus enabling them to survive droughts 
which are fatal to pine seedlings. 
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made by the General Education Board to the Duke University School of 
Forestry to study natural reproduction of Piedmont forests. Mr. T. T. 
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THE CULTIVATION OF CHLORELLA SP. 
MILDRED E. MANUEL 
(WITH NINE FIGURES) 


The writer became interested in the growth of algae in culture (4, 5, 6, 7, 
8, 11, 20, 21, 23, 24, 25) while engaged in attempts to isolate a few of the 
common species. In particular the relation of these plants to the element 
calcium was considered. Mo.iscu (15) was the first to report that certain 
algae can grow normally when calcium is excluded from the media in which 
they are cultured, while others soon die without this element. BEeNrEcKE (1) 
also grew a few species in calcium-free culture solutions, and confirmed the 
conelusion of Mouiscu that calcium is not essential for the growth of some 
algae. 

In spite of many inoculations with fresh material of Chlamydomonas 
tingens A, Braun, however, Frank (9) did not succeed in growing this 
alga in caleium-deficient cultures. Ricutrer (22) found that two diatoms, 
Nitzschia palea (Kuetz.) W. Sm. and Navicula minuscula Grun. also could 
not grow without calcium. Likewise, MArerTENs (12) proved that this ele- 
ment was indispensable for the bluegreens, Oscillatoria brevis Kuetz. (Oscil- 
laria brevis Kuetz.), O. tenuis Ag., and Nostoe sp., and that strontium could 
not be completely substituted for it in cultures of the last two algae (the 
first was not investigated). Wartn (28) reported that, in general, cell 
divisions were not possible in the desmid Micrasterias rotata (Grev.) Ralfs 
when there was a deficiency of calcium. 

That a relationship might exist between the calcium requirements of a 
plant and its systematic position was suggested by PrinasHemm (21). Algae 
which could grow without calcium were classed with the lower plants such 
as the fungi, while those which could not grow without it were grouped with 
the higher plants. He investigated a large number of algae, some of them 
producing no growth without calcium and others as Chlorella sp. 1 and 2 
developing with or without this element. These latter species continued to 
develop after several transfers from one calcium-deficient solution to an- 
other, but notwithstanding the precautions which were taken his results were 
not always clear. Among other investigators who have cultivated different 
strains of Chlorella in solutions with a deficiency of calcium are HopKins 
and WANN (10), TRELEASE and Setsam (26), Prarr (16, 17), and Prarr 
and Fone (18,19). Their works will be referred to later. 


Materials and methods 


The original source of the strain of Chlorella selected for this study is 
unknown. This alga first appeared on agar plates which had been inoen- 
lated with algal material from a supply jar in the greenhouse at North- 
western University. It was cultivated in and on a one and one-half per cent. 
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modified DeTMEeR’s agar (4) and transferred frequently to sterile plates 
until pure cultures were obtained. After isolation it was preserved on 
sterile agar in 125-milliliter flasks, and later grown on slants to obtain 
inocula for the experimental cultures. 

For the purpose of determining favorable conditions for the growth of 
this alga, it was cultured in a calcium-deficient standard solution (16, 18, 
19, 26, 27) containing KNO,, 0.025 M; MgSO,:7H.O, 0.02 M; KH.PO,, 
0.018 M; FeSO,:7H.O, 0.00001 M; potassium citrate, 0.00001M; Zn, 0.1 
p.p.m. (as ZnSO,:7H.O); B, 0.06 p.p.m. (as H,;BO;); Mn, 0.1 p.p.m. (as 
MnS0O, : 4H,0) ; and Cu, 0.001 p.p.m. (as CuSO,:-5H,O); and in modifi- 
cations of this solution to which calcium and additional magnesium were 
added. Water for these experimental solutions was obtained by carefully 
redistilling the ordinary laboratory distilled water in the presence of a smal] 
amount of potassium permanganate and sulphuric acid, using Pyrex glass 
distilling apparatus. Initial pH values of solutions exactly similar to those 
used in the experiments were determined colorimetrically. The cultures 
were prepared in Pyrex test tubes (20.5 by 2.5 em.) using 15 ml. of solution 
for each, and were inoculated with equal volumes of a suspension of the cells 
taken from colonies on calcium-deficient agar slants. Pure culture methods 
were used for the preparation and inoculation of the cultures. 

A common method of aerating algal cultures was used in some of the 
preliminary experiments. With this method the air reached the cultures by 
diffusion through ordinary cotton stoppers, and the culture tubes were 
shaken vigorously by hand once daily. Another method, the carbon dioxide 
technique, was used in all the other experiments. With this latter method 
air containing approximately four per cent. of carbon dioxide was bubbled 
continuously through a connected series of cultures. The culture tubes were 
fitted with two-holed rubber stoppers holding Pyrex glass tubing for carry- 
ing the air in and out of each. During an experiment the air was provided 
by a compressed air line; the carbon dioxide was furnished by a cylinder 
containing this gas under pressure. A slow and consistent flow of each gas 
was maintained by adjusting the constant pressure regulators through which 
they were delivered. Both gases were passed through large plugs of sterile 
cotton and a common mixing flask with sterile distilled water before they 
were carried by a single air line to the cultures. Lllumination was supplied 
for twelve hours a day by a water-cooled 500-watt electric bulb about 20 em. 
from the cultures. Usual room temperatures prevailed. 

The experiments were performed in triplicate, and the average values of 
the results obtained are shown in figures 1 to 9. Initial populations in the 
different experiments generally ranged from 125 to 175 eells per eubie milli- 
meter. They were grown for six days in experiments 1 and 8, for three and 


one-half days in experiments 2 and 3, and for five days im all other tests. 
At the end of this time the amount of growth which had occurred was deter- 
mined by estimating cell populations from haemacytometer counts. 
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Results 


Although Chlorella vulgaris Beyerinck (2) is the commonest species of 
the genus, the characteristics of the species isolated for this study agree 
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Fig. 1. Curve showing the influence of calcium chloride on the growth of Chlorella 
sp. in the standard culture solution. 

Fig. 2. Experiments 2 and 3. Histogram showing the effect of dilution of the eul- 
ture medium containing calcium on growth of Chlorella sp. in this solution. 

Fig. 3. Experiment 3. Graph showing the effect of dilution of the culture medium 
containing caleium on growth of Chlorella sp. in this solution. | 

Fig. 4. Experiment 4. Graph showing the influence of calcium chloride on growth 
of Chlorella sp. in the standard solution diluted to one-third. 

Fig. 5. Experiment 5. Graph showing the influence of calcium chloride on growth 
of Chlorella sp. in the standard solution diluted to one-fifth. 

Fic. 6. Experiment 6. Influence of calcium chloride on growth of Chlorella sp. in 
the standard culture solution used with and without dilution. The histogram represents 
the average values obtained. 

Fig. 7. Experiment 7. Histogram showing a comparison of the influence of calcium 
chloride with that of calcium nitrate on the growth of Chlorella sp. in the standard culture 
solution. 

Fic. 8. Experiment 8. Histogram showing the effect of magnesium compounds on 
growth of Chlorella sp. when 0.0025 M calcium chloride was present in the culture solution. 

Fic. 9. Experiment 9. Histogram showing the influence of additional magnesium 
on growth of Chlorella sp. in the standard culture solution diluted one-fifth and containing 
0.002 M ealeium chloride. 
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very closely with those of Chlorella variegatus Beyerinck (3). Cells of the 
strain used vary in size from about 2.5 to 10 microns in diameter, but in 
rapidly growing cultures in a favorable medium they usually measure 4 to 
6.5 microns. The chloroplast is single, parietal, and very delicate; it may 
be a curved band or cup-shaped, and is often deeply lobed in large mature 
cells. A strain of Chlorella vulgaris grown on the same medium which was 
used to cultivate my strain of Chlorella, and for the same length of time was 
found to have larger and more massive chloroplasts, generally occupying 
more than one-half of the inner periphery of the cell. Bryermnck (2), who 
was the first to grow Chlorella vulgaris in pure culture, also found that the 
chloroplasts of this species were ‘‘situated close to the cell wall as the seg- 
ment of a spherical shell leaving a fourth or even a half of the cell colorless.” 
Under all conditions which were used in cultivating my strain of Chlorella, 
the larger part of the cell has appeared without color and with the smaller 
area occupied by the chloroplast. This suggests that the strain is struc- 
turally different from certain strains of Chlorella vulgaris which have been 
grown by others. Beeause of the close relationship between these algae, and 
the difficulty of distinguishing between them, the strain which was isolated 
for this study and used in the following work was designated as Chlorella sp. 

In certain preliminary tests Chlorella sp. was cultured in the ealcium- 
deficient standard solution using the common method of aeration. At the 
end of ten days only a small amount of growth had taken place and the cells 
grew in irregular groups with many of them adhering tenaciously to the 
walls of the culture tubes. Consequently it was difficult to obtain accurate 
data concerning the increase in cell number of the alga. In other tests it 
was observed that better growth could be obtained in this solution by con- 
tinuously bubbling air containing about four per cent. of carbon dioxide 
through the cultures. When the common means of aeration was used, in 
which air diffused through ordinary cotton stoppers into the cultures, the 
cells settled at the bottom of the tubes forming a deposit of many layers of 
cells. In the uppermost layers the algae were probably in a more favorable 
environmental position for their development. When the cultures were 
aerated by the carbon dioxide technique, they were constantly agitated by 
passing the air with additional carbon dioxide through them. In the latter 
cultures the cells did not settle at the bottom of the tubes, but were generally 
kept uniformly suspended by the continuous bubbling of the air. This uni- 
form distribution of cells was favorable to uniform conditions of light, 
mineral salts, carbon dioxide and oxygen. The fact that the cells did not 
grow in groups also favored multiplication. Under these conditions, which 
were used in all the subsequent experiments, large populations were fre- 
quently reached by the strain of Chlorella isolated for this study. 


In the first experiment additions of calcium chloride in concentrations of 
0.0025, 0.005, and 0.01_M to the standard solution further increased the 
multiplication of cells, and the largest increase occurred in the solution con- 
taining a 0.01 _M concentration of this calcium salt. In this solution the 
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populations reached a maximum density of about 54,300 cells per eubie milli- 
meter in six days. In cultures with more than 0.01 M ealcium chloride little 
or no growth took place (fig. 1). 

Results of experiments 2, 3, 4, and 5 (figs. 2, 3, 4, and 5, respectively) 
indicate that good growth of Chlorella sp. can be obtained in solutions of 
very low total molarity during the early stages of its development. Those 
of number 4 show that calcium chloride in concentrations ranging from 
0.0008 to 0.013 M generally increased the growth of the alga in the standard 
culture solution diluted one-third. A significant increase occurred in eul- 
tures containing 0.013 M calcium chloride, but cultures with more than this 
produced less growth than the standard solution without the calcium salt. 
Results of number 5 show that good growth was also obtained in cultures 
diluted one-fifth. The best growth occurred in the solution containing 
0.002 M ealeium chloride ; the least in the standard solution when no ecaleium 
was added to it. The highest average vield of cells was slightly over two 
times that of the lowest. 

The above work was preliminary to experiment 6, which was planned so 
that the influence of both calcium chloride and total molarity of the culture 
medium could be studied at the same time. Three series of six different eul- 
tures, each containing an initial population of about 108 cells per eubie milli- 
meter were utilized. Three cultures were grown in the calcium-deficient 
standard solution used without dilution, and in dilutions of one-third and 
one-fifth, respectively. The remaining three cultures were similar to the 
first three, but they were prepared by using the above calcium-deficient solu- 
tions and by adding to each the amount of calcium chloride which was found 
to produce most favorable growth in previous experiments. Although the 
addition of calcium again increased the multiplication of cells in all dilu- 
tions of the basic culture solution, the most significant improvement in 
erowth was in the undiluted solutions when a 0.01 M concentration of the 
caleium salt was present. In these latter solutions a final average popula- 
tion of 44,033 cells per cubic millimeter was produced in five days under the 
most favorable conditions of aeration; only 1,789 cells per cubie millimeter 
were produced in the corresponding solutions without calcium chloride. 
Approximate populations of 6,533 and 4,966 cells per cubic millimeter in the 
culture solutions diluted to one-third and one-fifth, and 15,825 and 14,866 
cells in these same solutions containing a 0.01 and a 0.002 M concentration 
of caleium chloride, respectively, were obtained. Initial pH values of the 
solutions used indicated that the better development of the calcium cultures 
was not due to a more favorable reaction of the culture medium. 

Since the effect of only one compound of calcium (calcium chloride) was 
studied, its influence on growth was compared with that of calcium nitrate 
(fig. 7). This was done by the use of a series of three different culture 
solutions. Three cultures contained the standard calcium-deficient eulture 
medium; three others contained this same solution with the addition of 
0.01 M ealecium chloride: and the last three contained a solution similar to 
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the standard solution but with 0.01 M calcium nitrate added to it. There 
were only slight differences between the total molar concentrations and pH 
values of the last two solutions. After inoculation and growth for five days, 
the final populations reached in the plus-calcium solutions were much larger 
than those in the minus-calcium standard solution. Better growth always 
occurred in the calcium chloride culture solutions, but this was probably 
due to the lower initial pH of the solutions with the calcium nitrate. Since 
the presence of either of these compounds in the cultures caused an increase 
in Chlorella cells greater than that made in the standard solution without 
them, it is probable that the favorabie influence of calcium chloride in the 
previous experiments in this study was due to the calcium and not to the 
chlorine or possible impurities added with this calcium salt. 

In addition to the work investigating the influence of calcium on growth 
of Chlorella sp., the effect of additional magnesium in the cultures was 
observed. In experiment 8 (fig. 8) it was seen that the addition of mag- 
nesium chloride in concentrations of 0.05, 0.1, and 0.2 M and magnesium 
sulphate in concentrations of 0.1 and 0.2 M was very injurious to reproduc 
tion in the staadard culture solution even when this solution contained 
0.0025 M calcium chloride. All cultures containing no additional mag- 
nesium, but with 0.0025 M calcium chloride, produced good growth. When 
the standard solution was diluted one-fifth and had a calcium chloride con- 
tent of 0.002 M, small additional quantities of either of the magnesium salts 
previously used produced some improvement in growth (fig. 9). These 
observations indicate that magnesium probably is an essential element for 
Chlorella sp. and that the standard solution contained nearly the maximum 
amount of it for good reproduction of this alga. 

Growth on agar cultures was always slower and much less abundant than 
that oceurring in a favorable solution with proper aeration. On agar made 
with the standard calcium-deficient solution diluted one-half, the alga at 
first grew well. Later, however, it sometimes lost much of its chlorophyll 
and became pale and yellowish. A normal green growth on agar slants 
without calcium soon lost most of its greenness when these cultures were 
moved to a basement window where the light was of low intensity. Older 
slants on agar containing calcium were moved to the window at the same 
time but these remained green. The beneficial influence of calcium was also 
suggested by the fact that Chlorella colonies were green and in good econdi- 
tion on calcium agar cultures in flasks for over a year. 


Discussion 


Using solutions and methods similar to those which were later used by 
the writer in experiment 1, TRELEASE and SeLtsAm (26) found that the addi- 
tion of caleium chloride to cultures of Chlorella vulgaris did not produce a 
significant improvement in growth of this alga. They obtained a population 
of 12,850 cells per eubie millimeter in four days in their standard ealeium- 
free solution, and a population of 12,900 cells under the same conditions in 
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their most favorable calcium chloride culture solution containing a 0.01M 
concentration of this salt. In the present study the strain of Chlorella sp. 
used attained populations of 897 and 54,300 cells per cubic millimeter in six 
days in the standard solution and the 0.01 M calcium chloride standard solu- 
tion respectively. The most important difference in the results of the two 
experiments was that Chlorella vulgaris grew well in a calcium-deficient 
medium, while the strain of Chlorella sp. used in this study did not. In all 
further tests and in spite of most favorable conditions of aeration with air 
containing about four per cent. of carbon dioxide, my strain made compara- 
tively poor growth in the standard solution to which no calcium chloride was 
added. The limited amount of early growth which was obtained in this 
medium could be possible in the complete absence of calcium. It is more 
probable, however, that minute traces of this element were present in the 
cells themselves or in the culture medium. Mast and Pace (13) demon- 
strated, by studying spectrograms of salts, that magnesium sulphate of 
Kahlbaum highest purity always contained traces of caleium. Accordingly, 
the standard solutions which were used in these experiments would only be 
highly ealeium-deficient ones. 

In other experiments with Chlorella vulgaris, TRELEASE and SELsAM (26) 
found that this alga tolerated high concentrations of magnesium salts. 
These results are also at variance with those reported in this paper, espe- 
cially with those of experiment 8, in which comparable amounts of the mag- 
nesium salts were added to the cultures. In contrast with the tolerance of 
Chlorella vulgaris to magnesium, is the toxicity of this element to the growth 
of the strain of alga observed here. This difference, however, is consistent 
with the observations which have been made concerning the calcium require- 
ments of the two algae. As one would expect, magnesium was most injuri- 
ous to the alga requiring calcium for good development of early growth. 

Two possible reasons for the disagreements described above are, first, that 
there were significant differences in the solutions and methods used, and, 
second, that different strains or species of Chlorella were studied. The fact 
that morphological differences were also observed between certain cells of 
Chlorella vulgaris and those of the strain of Chlorella isolated here indicates 
that these algae are probably different and distinct organisms. The experi- 
ments of Pratt (16, 17), Pratt and Fone (18, 19), and Hopkins and Wann 
(10) suggest that the Chlorella cells used in their studies were also different 
from those isolated by the present writer. Although WArBurG and NEGELEIN 
(27) obtained good growth of Chlorella cells in a solution similar to those 
used by TRELEASE and SetsAm, Pratt, and Pratt and Fona, these earlier 
workers prepared their culture medium with tap water in which calcium was 
present. 

One of the réles ascribed to calcium is that it may function as an anti- 
doting agent by playing a part through the calcium-magnesium ratio (14). 
It is possible that ‘‘antagonism’’ may exist between calcium and magnesium 
in the cultivation of Chlorella sp. There is some evidence that calcium over- 
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comes the toxic effects of magnesium or other cations in the cells themselves 
or in the physiological balance of the culture solutions used in this study. 
This was shown by the fact that the amount of calcium necessary to produce 
large populations increased with the total molarity of the culture medium. 
It was also shown that unusually small populations of Chlorella sp. were 
produced in the caicium-deficient solutions, that slightly better growth 
occurred when these solutions were diluted, and that high concentrations of 
magnesium were very toxic to this alga. Zine, manganese, and copper, how- 
ever, were present in approximately the same concentrations used by Prarr 
and Fone (18, 19); and it is probable that calcium was not necessary to 
diminish any harmful effects of these cations in the cultures. The concen- 
tration of boron was about 0.06 p.p.m. which was only slightly higher than 
the amount (0.05 p.p.m.) used by these workers. 

PrinesHemM (21) and a number of others, who have already been men- 
tioned, reported normal growth of certain algae in solutions to which no 
calcium was added, except possibly as impurities with other compounds used. 
Since they used the common but less beneficial method of aeration, the rate 
of development of these algae could not have been especially rapid, but the 
final populations reached in their cultures were not usually recorded. 
Probably the multiplication of cells in their cultures were also favorably 
influenced by traces of calcium in the culture medium, 

With the exception of only a few algae calcium is generally believed to be 
essential to the growth and development of all green plants (14). The 
results obtained in the present work with Chlorella sp. suggest that this alga 
may be similar in its calcium requirements to many higher green plants, but 
final proof of this would demand more extensive research. This investiga- 
tion showed, however, that the presence of calcium in the culture solution 
increased the early growth of Chlorella sp. under the environmental condi- 
tions which were obtained. 

Summary 

Chlorella sp. was isolated in pure culture, and then grown under various 
cultural conditions. Two different methods of aeration were used. A com- 
mon method, in which all air reaching the cultures diffused through ordinary 
cotton stoppers, always produced much smaller populations of this alga than 
the carbon dioxide technique, in which a single gas stream containing a 
mixture of air and approximately four per cent. of carbon dioxide was 
bubbled continuously through a connected series of cultures. With this 
latter method conditions of constant agitation produced uniform suspensions 
of algal cells and, therefore, uniform conditions of light, oxygen, carbon 
dioxide, and essential inorganic elements. A vast improvement in growth 
was often obtained by this method of aeration. When other conditions were 
also favorable, large numbers in the populations were reached by the Chlo- 


rella cells in five days. 
Although multiplication of cells occurred in a caleium-deficient culture 
solution, the addition of calcium chloride generally increased the early de- 
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velopment of this alga. The addition of this compound also increased its 
growth in all dilutions of the basic culture solution, but the most significant 
improvement in growth was in the undiluted solution when a 0.01 M eoncen- 
tration of the calcium salt was present. Since calcium nitrate, when added 
to the culture solution without increasing the usual concentration of nitrate 
ions, had an effect similar to that of calcium chloride on the development of 
Chlorella sp., it was concluded that the beneficial influence of these com- 
pounds was probably due to the calcium present rather than to the other ions 
of these salts or to the impurities added with them. In agar cultures the 


presence of this element also seemed to be beneficial ; and Chlorella colonies 


were green and in good condition on a-modified DETMER’s agar in flasks for 
almost a year. In certain solution-cultures, however, large concentrations 
of additional magnesium resulted in depressed growth even when calcium 
chloride was present; smaller concentrations usually produced some im- 
provement in growth of this alga. 

With the exception of only a few algae, calcium is generally believed to 
be essential for the growth and development of all green plants. In this 
study, growth of Chlorella sp. was obtained in the ‘‘calcium-deficient”’ solu- 
tions, but it is probable that traces of calcium were present and favorably 
influenced the development of the cells. In most of the cultures containing 
calcium chloride, mature colonies of these algae quickly attained a rate of 
multiplication characteristic of very actively dividing cells. Although their 
remarkable vitality was demonstrated in these cultures, further study is 
necessary to determine whether or not calcium is always beneficial in the 
environment in which this alga grows. 


The writer is much indebted to Professors L. H. Tirrany, R. O. FREE- 
LAND, and A. E. Epeecomse for many helpful suggestions and criticisms 
during the progress of this work. Dr. Haroup C. Boip kindly sent the strain 
of Chlorella vulgaris which was compared with the cells of Chlorella sp. 
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APPARENT EQUILIBRIUM BETWEEN PHOTOSYNTHESIS AND 
RESPIRATION IN AN UNRENEWED ATMOSPHERE 


MoveR D. THOMAS, RUSSEL H. HENDRICKS, 
AND GEO. R. HILL 


(WITH FIVE FIGURES) 


Under full sunlight intensity, the rate of photosynthesis is usually about 
3 to 10 times as great as the rate of respiration ; and it would be expected that 
if the external supply of carbon dioxide were cut off entirely, the apparent 
equilibrium between the two processes at high light intensity would be estab- 
lished at a rather low concentration of carbon dioxide. No quantitative in- 
formation seems to be available in the literature on this subject, at least so far 
as the higher plants, growing under natural conditions, are concerned. This 
paper describes experiments that were carried out with grain, alfalfa, and 
sugar beets, to study the equilibrium concentration of carbon dioxide at high 
light intensity in an unrenewed atmosphere. 


Method 


The portable celluloid plant chamber (3) and also the sand culture equip- 
ment (2) were used in this study. A blower was mounted between the out- 
let and intake pipes of the plant chamber in order to recireulate the air over 
the plants. Care was taken to stop all leaks in the system by the use of ecase- 
ment mastic. Pressure differentials from the outside which might cause 
leaks were mainly near the blower; the pressure in the plant chamber was 
only slightly different from that outside. During the latter part of the 
experiment with sugar beets, a small fan was mounted in the cabinet to pro- 
duce mixing, and the external blower was eliminated. This latter arrange- 
ment was more convenient, and probably reduced leakage slightly. Carbon 
dioxide analyses were made continuously in the circulating air stream by 
means of the autometer (3). Temperature and light intensity measure- 
ments were also made continuously. 

A plot of mixed spring wheat, barley, and winter wheat in sand culture 
(2) was studied between June 30 and July 4, 1942. The spring wheat and 
barley were in the milk stage and the plants were still green. The winter 
wheat was entirely vegetative. Total top growth as estimated from harvest 
data taken a month later was equivalent to about 2400 gm. of dry weight. 
The alfalfa was young fourth crop, 12 to 15 inches high, growing in soil. 
It was studied September 30, 1943, using the celluloid plant chamber (3). 
There were 380 gm. of leaves and 555 gm. of stems (dry weight) on the plot. 
The sugar beets were large plants growing in sand culture (2). The experi- 
ments were performed on November 3—4, 1943. The dry harvest weight of 
the tops (November 5) was 2330 gm. of which 1190 gm. were leaf blades and 
1140 gm. petioles. During the measurements in the sand cultures, a very 
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slow stream of air was drawn down through the sand to prevent carbon 
dioxide produced by the respiration of the roots from diffusing upward into 
the air surrounding the tops. 
Results 
In the first experiment with grain, the carbon dioxide concentration fell 
rapidly to 180 p.p.m., then increased during the following hour to 320 p.p.m. 
The air temperature of the plant chamber increased during this period from 
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photosynthesis and respiration of alfalfa growing in the field, at different air temperatures 
and sunlight intensities. 


28° to 42° C. The next day the experiment was repeated, using a spray of 
water on the pipes and glass to control the temperature. The carbon dioxide 
concentration again fell rapidly, reaching a minimum value of 88 p.p.m. at 
24.5°. Ina third experiment 76 p.p.m. was reached at 25 


The results of the alfalfa experiment are presented in figure 1 in which 


carbon dioxide concentration and the air temperatures are plotted against 
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the time of day (mountain war time). A copy of a pyrheliometer record 
is also ineluded, to show insolation on a horizontal surface. When apparent 
equilibrium was established, the carbon dioxide and temperature followed 
each other very closely until the late afternoon when the light intensity fe! 
off and reduced photosynthesis, permitting the carbon dioxide to rise. \ 
minimum carbon dioxide concentration of 88 p.p.m. was reached at 21° ( 
This is an appreciably higher minimum than with the grain. The higher 
concentration may be due in part to carbon dioxide from the soil which. 
though small, is measurable. It is likely also that there was some leakave 
since the celluloid cabinets are not entirely gas tight. 

The sugar beet experiment was carried out on November 3rd and 4th 
when the outside temperature was low. The experiment was started using 
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Fie. 2. Apparent carbon dioxide equilibrium, in an unrenewed atmosphere, betwee: 
photosynthesis and respiration of sugar beets growing in sand culture, as influenced by 
different air temperatures and sunlight intensities. 


the outside blower but at 3 p.m. November 3, a man entered the plant chamber 
(fig. 2) for about 10 minutes to mount a small! fan and place two sampling 
tubes, one near the surface of the plants, and the other near the top of the 
chamber. The intake and outlet pipes were then tightly blocked. Good 
mixing was accomplished by the small fan as indicated by the concordance 
of the carbon dioxide analyses at the two sampling points. Leakage was 
evidently slight, and probably did not exceed appreciably, the small air 
stream (10 liters per minute) which was drawn down into the sand to 
remove carbon dioxide produced by the roots. 

Figure 2 gives a summary of the carbon dioxide concentrations over a 
period of 28 hours. The graph includes the air temperature and the sun 


light intensity. During the day there was marked lowering of the carbo 
dioxide concentration which normally is about 310 p.p.m. This is wel 
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illustrated by the short period when a man entered the cabinet and the con- 
centration went up suddenly from 90 p.p.m. to 430 p.p.m., then went down 
again during a 40-minute period to its original value. On a number of ocea- 
sions it has been noted that the respiration of a man entering the cabinet 
is several fold the photosynthetic absorption in one of these six-foot square 
cabinets well filled with vegetation. 

During the night, the carbon dioxide level rose to 560 p.p.m. in spite of 
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the low temperature prevailing. The slight rise of temperature during the 
early hours of the morning seemed to be accompanied by a corresponding 
rise in the carbon dioxide level. With the coming of sunlight, the level fell 
over a two-hour period to about 40 p.p.m., then rose a little as the tempera- 
ture increased. 

Figure 3 shows the temperature and carbon dioxide curves for sugar 
beets on November 4. plotted on comparable scales. The dependence of the 
carbon dioxide level on temperature is as striking for sugar beets as for 


alfalfa (fie. 1). 
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The carbon dioxide data in figures 1 and 3 and most of the data in figure 
2, represent average concentration over 40-minute periods. The analytical 
values, however, can be read from the record at 2.5- or 5-minute intervals 
if desired, though obviously the values so determined will be less accurate 
than 40-minute averages. Since November 4 was a day of intermittent sun- 
shine with approximately constant average hourly illumination from about 
11 A.M. to 4 P.M. it seemed desirable to determine if the short period fluctua- 
tions of the light intensity caused similar short period fluctuations of the 
carbon dioxide level. It would, of course, be expected that high light inten- 
sity would decrease the carbon dioxide level and vice versa. 

Figure 4 gives the detailed fluctuations of these variables, using 5-minute 
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Fie, 4. Short period (5-minute) variations of the apparent equilibrium between pho- 
tosynthesis and respiration with variable light intensity on a partly cloudy day, of the 
sugar beets represented in figures 2 and 3. 


averages for the carbon dioxide. The omission of one carbon dioxide value 
in each 40-minute period is due to an operating characteristic of the analyzer 
which employs one 5-minute period in each 40 minutes for a zero adjustment. 
In nearly all cases the values of light and carbon dioxide changed in opposite 
directions. The only obvious exceptions occurred at 11:50 a.m. and 2:30 
p.M. and were probably analytical errors. Evidently a definite balance was 
established in this plot between respiration and photosynthesis, which was 
shifted rapidly as the light intensity changed. 


Discussion 


Figure 5 summarizes all of the values of carbon dioxide at different tem- 
peratures when apparent equilibrium had been established. The curve for 
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the grain appears to be linear with a temperature coefficient (Qio) of 2.0. 
The data for sugar beets seem to be a continuation of the grain curve but 
with a smaller temperature gradient. Data at higher temperatures for 
sugar beets and at lower temperatures for grain would be useful. Some of 
the points for sugar beets are displaced to the right. These values were all 
obtained on November 3, before the outside circulating blower was discon- 
tinued. Probably there was some leakage in the blower system. The data 
for alfalfa are also displaced to the right, indicating either a higher respira- 
tion-photosynthesis ratio or, more likely, the influence of carbon dioxide 
derived from the soil, as well as some leakage in the blower. 

From an inspection of the assimilation and respiration record of the 
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grain plot within a few days of July 1, 1942, it appears that the apparent 
assimilation was approximately 3 times the night respiration at 24°. The 
latter was found by extrapolating a series of values at lower temperatures. 
Allowing for respiration during the measurement of apparent assimilation, 
the level of photosynthesis was about 4 times the respiration level. It has 
been found that when the air was enriched with carbon dioxide, apparent 
assimilation increased proportionately to the carbon dioxide concentration. 
If a similar relationship holds at reduced concentrations, photosynthesis 


that was 4 times respiration at 500 p.p.m. earbon dioxide. would be equal to 


respiration at 75 p-p-m. A concentration of 76 p.p.m. was observed at 23° C. 
and 88 p.p.m. at 24.5° in the grain plot 
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A similar caleulation for alfalfa at 21° requires an equilibrium concen. 
tration of about 45 p.p.m. A minimum value of 88 p.p.m. was actually 
observed. This discrepancy further bears out the suspicion expressed earlier 
that a true equilibrium was not obtained between respiration and photosyn- 
thesis in the alfalfa experiment. 

In the sugar beets the ratio of photosynthesis to respiration was about 10 
to 1 at 15° C. indicating a limiting concentration of about 30 p.p.m. carbon 
dioxide as compared with a minimum of 40 p.p.m. observed (fig. 4). This 
difference is probably not much greater than the uncertainty in the data, 
considering the preliminary nature of the experiments. 

The investigation is being continued. It is evident that this method can 
supply useful information regarding respiration and photosynthesis. Par- 
ticularly, the method may be useful in determining the rate of respiration 
of illuminated plants. The relationships so far found are in general agree- 
ment with the discussion of the ‘‘compensation point’’ by Spornr (1, pp. 
176-179) so far as that discussion is applicable to the present study. 


Summary 


The minimum concentration of carbon dioxide, to which an unrenewed 
atmosphere could be reduced by photosynthesis, was sought. A value of 40 
p.p.m. was found for sugar beets at 15° C. The apparent equilibrium be- 
tween photosynthesis and respiration was dependent on the temperature and 
the light intensity. In grain and sugar beet experiments the minimum equi- 
librium concentration agreed satisfactorily with values calculated from inde- 
pendent respiration and photosynthesis data. The method should be useful 
for fundamental studies in this field. 


DEPARTMENT OF AGRICULTURAL RESEARCH 
AMERICAN SMELTING AND REFINING COMPANY 
SALT LAKE City, UTAH 
LITERATURE CITED 

1. Spornr, H. A. Photosynthesis. Chemical Catalog Co. New York, p. 393, 
1926. 

2. Tuomas, Moyer D., Henpricks, Russet H., Iviz, JAmMes O., and Hui, 
Gro. R. An installation of large sand-culture beds surmounted by 
individual air-conditioned greenhouses. Plant Physiol. 18: .334 
344. 1943. 

3. ,and Hii, Geo. R. The continuous measurement of photo- 





synthesis, respiration, and transpiration of alfalfa and wheat grow- 
ing under field conditions. Plant Physiol. 12: 285-307. 1937. 











CHEMICAL COMPOSITION OF ROOTS AND TOPS OF DIOECIOUS 
LYCHNIS IN VEGETATIVE AND FLOWERING 
PHASES OF GROWTH 


J. FISHER STANFIELD 


In view of the current interest in problems of nutritional ontogeny and 
the evident influence of reproductive processes thereon, experimental data 
on the composition of the dioecious species, Lychnis dioica L., are presented. 
Dioecious forms appear to have the advantage in studies of this type in per- 
mitting recognition of compositional and metabolic differences associated 
with sex expression. By virtue of their perennial habit, individual plants 
of Lychnis can be studied throughout their growth cycle, thus permitting 
repeated comparison of the nutritional trend in each of the two sexes in the 
vegetative and reproductive stages of a single plant. The fact that incep- 
tion of the reproductive processes appears to exert a marked metabolic effect 
upon the entire parent sporc phyte, made it seem advisable to include a study 
of the root systems of the two sexes in order to determine compositional 
alterations and top-root interrelationships distinguishing vegetative and 
reproductive plants. Observations and analyses thus include both roots and 
tops of plants in the vegetative (rosette or pre-blooming) as well as the early 
flowering stage. The former is of particular interest since few studies exist 
in which initial tests on roots of dioecious plants in the vegetative stage have 
been interpreted in the light of ultimate sex expression. 

In earlier publications (17, 18) the writer has summarized certain quanti- 
tative determinations and their relation to sex in dioecious plants and has 
presented analytical data relative to the physico-chemical aspects of sexual 
expression in Lychnis dioica L. Subsequent to this report, the cogent work 
by Logenwine (15) has given the most comprehensive integration of data 
relative to the physiological aspects of sex in angiosperms to be found in the 
literature. Since that time additional investigations have been reported 
(6, 8, 9, 10, 11, 12, 13, 16, 21). 

Methods 


Vigorous plants of native species, Lychnis dioica L., were grown under 
ordinary, seasonal greenhouse conditions in pots containing well-fertilized 
loam soil at a mean temperature of 70° F. and an average humidity of 
approximately 50 per cent. Plants were supplied with city water as needed 
to maintain favorable growth. 

Seeds were planted in December and, beginning at the age of eight weeks, 
exposed to long days extended to sixteen hours per day by illumination with 
Mazda lamps at an intensity of 300 foot candles in order to accelerate flower- 
ing and thus permit identification of sex at an early age. The plants were 
then permitted to return to a vegetative condition by subsequently exposing 
them for one month to 10-hour day under natural daylight. After one 
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month in short day, plants had reassumed the rosette form of the vegetative 
phase and tissue sampling of plants was begun at the age of 16—18 weeks, 
Flowering plants were sampled for analysis in the early stages of anthesis 
late in June at the age of 13 to 15 weeks from seed. 

Fresh weight of entire root systems was determined. Roots were re- 
covered by washing the soil through a fine mesh sieve in such a manner as 
to recover small fragments broken from the root systems. These fragments 
and main root systems were immediately air dried on blotting paper, the 
roots being sectioned as necessary to permit blotting of excess water in fresh 
weight recordings. After determining the absolute fresh weights of entire 
root systems, the roots of each plant were comminuted and samples taken 
for further analysis. The residue of root tissue was employed for determi- 
nation of percentage dry weight. 


TABLE I 


CHEMICAL ANALYSES OF TOPS AND ROOTS OF Lychnis dioica L. IN VEGETATIVE AND 
FLOWERING PHASES OF GROWTH 


Tops, AGE 13 To 15 WEEKS Roots, AGE 16 TO 18 WEEKS 


DETERMINATIONS VEGETATIVE FLOWERING VEGETATIVE FLOWERING 


.4.¢@ | @ | @ 4 2 4. eee 


48 | 49 | 46 | 40 | 633! 8.05! 5.70! 6.83 
13.44 | 12.24 9.75 9.77 25.14 | 25.12 | 28.80 | 24.63 
3.83 | 3.96) 311) 327) 212| 138] 1.69! 1.96 
0.35 | 0.48 | 047/ 059| 021! 025] 0.17/| 0.26 


Fresh weight (gm.) 
Dry weight (%) 
Total nitrogen (%)* 
Phosphorus (%)* 





Total sugars (%)* |} 2.85 4.02 4.41 5.94 | 26.96 | 33.35 | 10.88 | 13.56 
Polysaccharides (%)* 16.27 | 14.28 | 14.69 | 15.84 | 12.75 | 10.55 | 17.62 | 19.66 
Total ash (%)* 24.82 | 28.00 | 15.98 | 18.35 | 14.46 9.73 | 13.76 9.51 
Oxidase t 46.27 | 47.30 | 83.22 | 64.89 | 65.86 | 65.86 |119.92 | 96.05 
pH 6.8 | 6.8 6.4 6.0 6.0 5.8 6.2 6.0 








* Percentage of dry weight. 

t Milligrams of indophenol per liter of press sap. 

Determinations were made of the percentage total sugars, phosphorus, 
total nitrogen including nitrates, dry weight, ash, and carbohydrates after 
mild acid hydrolysis. Oxidase activity and the pH of press sap were also 
determined. From 10 to 15 plants were used for each category. Details 
of analytical methods as employed in earlier investigations by the writer 
were followed (18). . 

Data and discussion 


Roots of staminate plants are higher in total sugars, phosphorus, and 
fresh weight and those of the pistillate plants are higher in the percentage 
of ash content in both rosette and blooming stages (table I). No consistent 
variations are indicated in the other components. 

The present analyses (tables I, II) are presented in combination with 
certain related earlier data as a compilation of results on Lychnis (18). It 
may be noted that both tops and roots of staminate plants are higher in the 
percentage of total sugars and phosphorus in the vegetative and flowering 
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phases. With the possible exception of sap pH, variations in other determi- 
nations show no significant sex differences in the roots of either vegetative 
or flowering plants. 

These data (tables I, II) indicate that the two sexes of Lychnis dioica L. 
display certain definite compositional and metabolic differences in the rosette 
stage even before the sexual dimorphism of the flowers or flower primordia 
are manifest. In evaluating such data we are concerned largely with the 
metabolic picture in the roots and tops of vegetative as compared with 
flowering plants of the two sexes. There are but few reports on compo- 
sitional differences which distinguish the vegetative phases of plants which 
eventually differentiate as male or female individuals. Physico-chemical 
data for roots are also found in only a few records of dioecious plants 
(3, 4, 6, 15). 

TABLE II 


SUMMARY OF CHEMICAL ANALYSES OF TOPS AND ROOTS OF Lychnis dioica L. IN VEGETATIVE 
AND FLOWERING PHASES OF GROWTH 


HIGHER IN BOTH ROSETTE AND BLOOMING 


DETERMINATIONS STAGE 
| Tops Roots 
Total sugars 4 ‘ 
Phosphorus r 2 
Total ash . 9 
Dry weight ot Q* 
pH 9 * ° 
Oxidase Q* oe 
Fresh weight 9 * ; 
Total nitrogen A ce 


* No difference shown in rosette stage. 
+ Higher in pistillate in rosette stage. 
+ No difference shown in flowering stage. 

The data given in summary (table II) represent the most marked and 
apparently the most significant differences between the two sexes. We may 
regard certain results as tendencies worthy of more detailed study and in 
such series the attendant sexual criteria are not obvious in the vegetative 
state and only become evident in the blooming stage—a parallel expression 
of the somatic adjustment to this phase of the reproductive cyele. 

The higher total sugar content of the staminate plants is apparently a 
‘ather characteristic and perhaps significant attribute of the staminate con- 
dition since this relationship exists in several genera tested by other workers 
(1, 2, 3, 4,7, 14,19). The higher percentage of sugar content of roots and 
tops of Lychnis in both the vegetative and early flowering phases is a depend- 
able criterion of eventual sexual expression due to its consistent occurrence. 
Lychnis also accumulates sugar rather than hydrolyzable polysaccharides in 
the roots of both sexes. In the leaves this relationship between carbo- 
hydrates is reversed. In either event, the percentage sugar content is com- 
paratively higher in the roots than in the leaves; this greater localization 
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of sugar storage is apparently a metabolic characteristic of this species. The 
pereentage of hydrolyzable polysaccharides shows no consistent variation 
with sex expression in either tops or roots. 

In a similar fashion the phosphorus content of the staminate plants is a 
significant criterion of sex since it is higher in these plants in both roots and 
tops and the two phases of growth tested. This relationship has also been 
shown to exist in the tops of flowering plants of Spinacia (14). The impor- 
tance of phosphorus in metabolic processes of plants in general suggests 
specific importance in relation to sex. 

LaFvuze (12) in a series of controlled nutrient studies on Lychnis dioica 
found that low phosphorus cultures produced a greater number of staminate 
plants. One might well anticipate that staminate plants would be lower 
than pistillate plants in phosphorus content with lower requirements, but 
analytical data reported here do not support this postulate. 

LaFuze (12) has also shown that Lychnis when grown under controlled 
nutrient conditions produces more pistillate plants in a high nitrogen series. 
This would indicate that nitrogen might well be a limiting or determinative 
factor in critical developmental phases such as the differentiation of sex. 
Trpeau (20) similarly found that an abundance of nitrogen at the time of 
fruit bud differentiation in Cannabis led to the production of pistillate 
flowers ; the absence or a low concentration of nitrogen supplied in the sub- 
strate greatly increased the percentage of staminate flowers. Analytical 
data obtained by the writer on Lychnis (18) grown in soil under normal, 
seasonal conditions, however, show no consistent correlation of the percent- 
age of total nitrogen content with sexual expression. It may be pointed out 
that in all cases the nitrogen content of the tops in Lychnis is consistently 
higher than that of the roots. Thus the slightly higher percentage of nitro- 
gen in the tops of staminate when compared with the tops of pistillate plants 
may be due to a significant variation in some specific nitrogenous constituent. 

Oxidation phenomena are often cited as probable criteria of sexual differ- 
entiation. In Lychnis, however, no difference of oxidative powers in terms 
of phenoloxidase is shown by the roots of staminate or pistillate plants in 
the vegetative or pre-blooming stage; it is only in the flowering phase that 
a difference exists. As shown in table I this condition also obtains in the 
tops of both sexes. This is possibly a resultant of differentiation rather than 
a causative factor thereof. In this connection it is of interest to note that 
the underground parts of Lychnis show comparatively greater powers of 
oxidation than do the tops. 

The slightly higher pH of press sap from the pistillate plants may be 
interpreted only as a general tendency in the light of the insignificant vari- 
ations observed. It is known, however, that, within limits, oxidizing en- 
zymes are usually more efficient at a higher pH. In view of the data pre- 
sented, certain metabolic characteristics thus show a degree of correlation. 
For example, the lower sugar content, the higher rate of oxidation and the 


slightly, though consistently, higher pH in the flowering phase of the 
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pistillate plants indicate a higher metabolic rate for this sex and are so 
interpreted. 

The higher fresh weight of the roots of the staminate plants is not a 
consistent characteristic in view of great variations in fresh weight of above- 
ground parts in the two sexes. Neither is there any striking difference in 
the general morphology or luxuriance of root growth that could serve as a 
diagnostic criterion of sexual expression. The percentage of dry weight 
shows no definite trends in relation to sexual differentiation. 

Other analyses reported may be considered as tendencies which warrant 
further investigation. Percentage of total ash, for example, is definitely 
higher in the staminate plants in all stages of growth in the tops while in 
the roots the reverse occurs. Since the leaves compose the greater bulk of 
the above-ground parts, possess determinative potentialities, and have a 
higher ash content than the roots of Lychnis, this difference between the 
sexes may be considered of some significance in sex expression. Any inter- 
pretation of mineral constituents where roots and tops are considered is 
complicated by translocation, and explicit data on specific parts of indi- 
vidual plants at various ages would be desirable. Although there is the 
possibility that variations in dry weight might materially affect the percent- 
age of ash, no consistent correlation can be seen in these data. 

The extensive quantitative data found in the literature present a for- 
midable labyrinth to those seeking an understanding of the physiology of 
sexual expression or differentiation in dioecious plants. Records show that 
the results obtained in analyses vary with the stage of development at the 
time of testing, nutrition, photoperiod, temperature, parts utilized, and 
analytical methods. These factors complicate interpretation and correlation 
of data; furthermore, these experimental variables taken in combination 
with the obvious variations in the genera of dioecious forms tested, make 
compilations or generalizations difficult. Repeated analyses of the same 
plant, however, in progressive stages of development have been of great 
value in the study of sexual differentiation and reproduction. It is obvious 
that gross analyses of vegetative parts cannot do other than point the way 
to more detailed and logical studies in the search for convenient, specific, 
diagnostic, physico-chemical criteria of sex expression in dioecious forms. 


Summary 


Results of analyses of roots of Lychnis dioica L., in both vegetative and 
flowering stages, taken in conjunction with those of the tops, indicate that: 

1. Roots and tops of staminate plants are characterized by a higher per- 
centage of phosphorus and total sugar content in both the vegetative and 
early flowering phases of growth. 

2. A higher metabolic rate, as shown by greater phenoloxidase activity 
of the press sap, is indicated for the pistillate plants in the early flowering 
phase in tops and roots. 

3. The entire root systems of staminate plants have a greater fresh weight 
than those of the pistillate in the vegetative and flowering stages of growth. 
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4. The roots of pistillate plants are higher than the staminate in the 
percentage of total ash in both the vegetative and early flowering phases: 
in the tops the reverse oceurs. 

5. No definite tendencies correlated with sexual expression are shown in 
percentages of dry weight, hydrolyzable polysaccharides, and total nitrogen - 
nor does the pH of press sap show any correlation with sex. 

6. Roots have a comparatively higher phenoloxidase activity than the 
tops of both sexes in the vegetative and flowering phases. 

7. The tops have a higher total nitrogen content than the roots in both 
sexes in both the vegetative and flowering phases. 

8. Soluble carbohydrates are higher in the roots of the rosette stage; in 
the early flowering stage, they are predominantly in the form of hydrolyza- 
ble polysaccharides in both sexes. 


THE STATE UNIVERSITY OF IowA 
Towa City, Iowa 
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BRIEF PAPERS 


THE HOTTENTOT FIG AS A POSSIBLE COMMERCIAL 
SOURCE OF TANNIN 


THOMAS YorT Hum AND ROBERTSON PRATT 





Domestic sources of drugs, always potentially important, have increased 
significance in time of war when foreign markets are unavailable or non- 
existent. With this thought in mind, a preliminary examination was made 
of Mesembryanthemum eduli L., commonly known as the Hottentot Fig, as a 
possible source of tannins. The great astringency of the sap which can be 
readily demonstrated by the simple expedient of drawing lightly the freshly 
eut surface of a leaf across the tongue, suggests the presence of relatively 
large amounts of tannin in this plant. The species, a native of the arid 
plains and sands of South Africa, has spread to many parts of the world and 
thrives in dry, rocky or sandy soils where, due to its prostrate habit of 
growth, it forms dense succulent mats. Material for the present work was 
collected on the grounds of the University of California Medical Center. 

Freshly collected leaves and stems were dried to constant weight at 
120° C. Then the material was extracted with twenty volumes of water at 
50 to 60° C. for thirty minutes. Filtration of the resultant solution yielded 
a light amber-colored and slightly opaque liquid which was tested with 
FeCl;, neutral and basic lead acetate. The slightly acid reaction of the 
filtrate, the green coloration with FeCl, and precipitation with lead acetate 
all pointed to the presence of tannins. Further tests made with lead acetate 
and bromine water showed that the tannin in Mesembryanthemum eduli is 
of the catechol or phlobotannin type. Although the pyrogallol tannins have 
found more general industrial applications, the catechol tannins can be used 
extensively also in many industrial processes, including the tanning of 
leather. The exact nature of the leather produced can be determined only 
by experimentation, however. It seems entirely possible that different 
classes of leather can be produced by using this tannin in conjunction with 
other materials. 

Quantitative analysis of oven-dried Mesembryanthemum showed 19.4 per 
cent. tannin in the leaves, and 14.16 per cent. in the stems. Analysis of 
mixtures of stems and leaves revealed 17.1 per cent. tannins. The material 
used in these tests was collected during June and July, and it is not known 
how these percentages might vary at different seasons. It is apparent that 
the difference in tannin-content between the leaves and mixtures of the 
leaves and stems is not sufficient to warrant the use of leaves exclusively if 
the plant is to be considered as a possible commercial source of tannin, since 
separation of the leaves from the stems is a tedious and time-consuming task. 

The analysis indicates that Mesembryanthemum eduli is a good potential 


source of tannin. It is widely distributed in sandy and rocky regions of the 
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Central and Northern California coasts, where it forms dense and extensive 
mats. The thick and heavily cutinized fleshy leaves, which resist drying, 
enable it to endure severe drought; but the plant grows readily also in a 
relatively moist atmosphere like that of San Francisco, provided the soil is 
sandy and is well-drained. It satisfactorily withstands some frost and is 
easily propagated from cuttings, even in relatively poor soil. All of these 
factors would be advantageous in commercial production of the plant. The 
fact that it thrives on marginal land and does not require rich agricultural 
land is an added asset. On the basis of existing stands, it is estimated that 
under average growing conditions about fifty to sixty tons of the fresh plant 
might be harvested per acre. This should yield approximately 1500 pounds 
of tannin. 

The moisture content of the plants (leaves and stems) determined by 
drying the material to constant weight was 92.9 per cent. and the total ash 
constituted 1.39 per cent. of the fresh weight. 

The sap of Mesembryanthemum eduli has been reported to have anti- 
septic properties... Accordingly, the sap and aqueous extract of the leaves 
were tested for bacteriostatic or bactericidal activity, using ordinary bacteri- 
ological methods and Staphylococcus aureus as the test organism. The tests 
failed to reveal any outstanding antiseptic properties in either the sap or the 
aqueous extracts, although some indication of slight bacteriostasis was ob- 
served. Currently, much attention is directed toward surface-tension 
depressants as bactericidal agents, and it is interesting to note in this connee- 
tion that the sap and aqueous extracts of Mesembryanthemum both have a 
significantly lower surface tension than water. The average value observed 
was 59 dynes/em., whereas distilled water at the same temperature had a 
value of 72 dynes/em. Both the bacteriostatic and surface-tension depres- 
sant properties of the sap and the aqueous extracts of Mesembryanthemum 
can probably be attributed to its tannin content. The phenolic nature of 
tannins is sufficient to give a slight bacteriostatic effect ; and the lowering of 
the surface tension may be due to the tannin and/or a saponin, the presence 
of which was definitely established. 

In view of its properties, it may be suggested that perhaps the sap or 
crushed leaves of Mesembryanthemum eduli can be used as an emergency 
application in the treatment of burns and minor cuts. The slight antiseptic 
activity together with the astringency seem to present a very satisfactory 
combination. 

Summary 


Mesembryanthemum eduli is potentially a good commercial source of 
tannins of the eatechol or phlobotannin type, dry leaves and stems contain- 
ing, respectively, 19.4 and 14.16 per cent. Mixtures of the two vield 17.1 per 
cent. tannin and it is estimated that average stands of the plant in California 
should yield about 1500 pounds of tannin per acre. The tannin in Mes- 


1 Hopes, C. E. Botanical hand book of crude vegetable drugs. 271] pp. + supple- 
ment. 1876. 
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embryanthemum eduli could be used in the manufacture of leather, yielding 
leathers without bloom; and it is probable that in conjunction with other 
tannins or materials, different classes of leather could be produced. The sap 
and aqueous extract of the plant have mild antiseptic properties. The great 
astringency and mild antiseptic properties seem to afford a potentially use- 
ful therapeutic combination. 
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NOTES 


Annual Meeting.—The American Society of Plant Physiologists will 
hold its 1944 meeting at Cleveland, Ohio, during the week of September i. 
in connection with the meeting of the A.A.A\S. Complete announcement 
of plans for the meeting will be published in the notes of the July number 
of PLant Puysiotoaey. As the Society has had no scientific meeting since 
Dallas in 1941, it will be most weleome. Everyone within appropriate dis- 
tances should try to attend the meeting, and take part in important discus- 
sions. There will be an annual dinner, no doubt, at which announcements 
of some awards may be made, although the meetings may come too soon to 
permit all of the usual announcements. Both the Hates and BARNgEs awards 
are to be made in 1944, and it is hoped that at least the recipient of the HALEs 
award may have been selected before the meeting is held. The officers have 
a right to expect our cooperation in every way to make the meeting attractive 
and valuable. 


Program Committee.—The president of the Society, Dr. B. S. Meyer 
of the Ohio State University, has appointed a program committee for the 
September meeting. Chairman of the committee is Dr. JAsper D. SAyreE of 
the Ohio Agricultural Experiment Station, Wooster, Ohio. The other mem- 
bers of the committee are Dr. NoRMAN F. CuHLpers, the Ohio State Uni- 
versity; and Dr. FRANKLIN J. BAcon, Western Reserve University, Cleve- 
land. The duties of the committee are arduous, but if those who are to 
participate in the programs will respond promptly to all requests for infor- 
mation and service, it will reduce the hardships of their labor. Team work 
is the essence of success. 


Change of Address.—The editor-in-chief of PLanr PHysioLoey takes 
this opportunity to announce a change of address to take effect the first of 
July. After that date all communications should be addressed to 42 Oak- 
wood St., Asheville, North Carolina, until the change in editorship has been 
consummated. Any communications dealing with the materials and prepa- 
ration of the next volume (20th) should be addressed to the new editor-in- 
chief, Dr. WALTER F. LOEHWING, Department of Botany, The Iowa State 
University, Iowa City, Iowa. 





William Edward Tottingham.—It is with a profound sense of personal 
loss and regret that we announce the death of Dr. WILLIAM EpwaArp Torrtine- 
HAM of the University of Wisconsin. He was elected president of the Society 
in the eighth annual election, and served during the year 1931—1932, and is 
the first of our major officers to pass on. The writer well remembers his 
deep concern for the Society’s welfare, and his share in establishing the 
general endowment fund. It is planned to commemorate his life in the July 


387 




















388 PLANT PHYSIOLOGY 


number of PLANT PHYSIOLOGY, and details will be reserved until then. He 
died at Madison, Wisconsin, on March 2, 1944. 





Aplectrum Wanted.—<A request for aid in obtaining material for re- 
search has come from Dr. D. T. MAcDouaat, R.F.D. no. 1, Box 170, Carmel- 
by-the-Sea, California. He desires to obtain plants of Apleetrum, any spe- 
cies which can be supplied, for a continuation of studies on mycorrhizal 
symbiosis. If you are able to obtain plants of Aplectrum, please write to 
Dr. MacDouaau. Your assistance will be greatly appreciated, and reason- 
able expenses for collection and shipment will be paid. Any of our members 
with ecological experience should know whether plants can be obtained in 
their region. We invite other requests for material, and hope that our mem- 
bers will take pleasure in meeting the needs of those who desire inaccessible 
material. 


Plant Physiology in Russia.—The following notes regarding plant 
physiology in Russia have been provided by G. Krorkov, Queen’s Univer- 
sity, Kingston, Ontario. 

‘*A conference of Russian plant physiologists was held in Moscow be- 
tween January 28th and February 3rd, 1940. This conference was organized 
by the Institute of Plant Physiology of the Russian Academy of Sciences. 
The total number registered at the meeting was 401 of which number 158 
(37.7 per cent.) were women.’’ 

‘At the joint meetings of the various sections of the conferences the 
following papers were presented : 

O. A. WALTER, The role of plant physiology in the work of stakhanovtsi in 
agriculture. 

N. G. CHoLopny, The role of phytohormones on the growth and development 
of plants. 

T. D. LYSENKO, Fertilization and heredity in plants. 

D. A. SABININ, The role of protoplasm in mineral nutrition. 

[. G. Drkusak, Possibilities in the regulation of the biochemical processes in 

a plant and its yield by means of mineral nutrition. 

L. A. IvANov, The role of photosynthesis in the magnitude of harvest. 

I. G. Dusrunov, The theory of Prof. Krenke on the cyclic changes in senes- 
cence and rejuvenation during plant ontogeny. 

I. I. TUMANOV, Frost resistance of plants. 

N. A. MAxrmov, Recent work on drought resistance in plants. 

A. A. OPARIN, Reversible action of enzymes. 

V. V. Bosko, The réle of microelements in the life of plants. 

D. N. PRIANISCHNIKOV, The role of plant physiology in the ehemization of 
agriculture. 

A. P. SHERBAKOV, A summary on the work of the conference. 


‘*At the meetings of the various sections of the conference 180 papers 
pa] 


were presented, which were distributed as follows: 
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Section on growth and development 0... | 41 papers 
Section on mineral nutrition ............... cs 
Section on plant resistance (frost, dri 35 

Section on air nutrition (photosynthesis ) , 25 

Section on metabolism ........ wiibaiecak 21 

Section on physiological anatomy ......................... 23 

‘*In order to promote future work in plant physiology, the conference 
as a whole adopted a resolution with the following suggestions: 

‘*1. To publish a special journal of plant physiology, which should be the 
central organ of Russian Plant Physiologists. 

‘‘2. To have meetings of plant physiologists at least once every two years. 

‘*3. To increase the training of plant physiologists at various universities, 
agricultural schools, and teachers’ institutes. 

‘*4. To prepare resumés and monographs in various fields of plant physi- 
ology in general, and on the physiology of agricultural plants in particular. 
To take steps for the publication of a fundamental book on the methods of 
research in plant physiology. 

**5. To publish a series of popular books and pamphlets in plant physi- 
ology for agricultural workers. 

‘*6. To draw attention to team work in plant physiology. 

‘7. To organize at the Academy of Sciences a special permanent com- 
mittee, whose purpose will be to test and distribute knowledge on various 
methods and equipment used in plant physiology. 

‘*In addition to these suggestions made by the whole conference, each 
section also passed a resolution presenting a number of problems in its own 
field, on which, in the opinion of the section, research work should be done 
in the near future.’’ 

The editor of PLANT PHysioLoGy believes thoroughly in the methods 
being used in Russia to encourage organized work in our field. We in 
America have already accomplished much of value with our organized 
efforts, but it is easy to find in these suggestions from Russian activities 
much more that could be done here. It would be a great thing for our work 
if we could have anything like this arrangement with an Academy of Science 
recognizing our efforts as the Russian Academy recognizes the work of the 
great plant physiologists of the Soviet Union. The American Society of 
Plant Physiologists ought to make use of every suggestion and opportunity 
to increase the breadth and depth of our undertakings. This report of activi- 
ties in Russia is full of suggestions and stimulative ideas for our own future 
development. 


Inorganic Plant Nutrition.—During the spring of 1942, Dr. D. R. Hoac- 
LAND of the University of California delivered the Prather Lectures at Har- 
vard University. These lectures, with some revision and additions have now 
been published in book form, with the title: Lectures on the Inorganic Nutri- 
tion of Plants. There are seven lectures in the series, with the following 
titles: A survey of the problems of plant nutrition ; micronutrient chemical 


elements and plant growth; the absorption and accumulation of salts by 
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plant cells; upward movement and distribution of inorganic solutes in the 
plant; the growth of plants in artificial media in relation to the study o/ 
plant nutrition ; some biochemical problems associated with salt absorption: 
and aspects of the potassium nutrition of plants as illustrating problems of 
the system, soil-plant-atmosphere. The lectures are illustrated with 44 text 
figures, and 28 plates. A general index and author index are ineluded, 
making a work of 226 pages. 

The discussions are based upon work done in many laboratories, but with 
emphasis upon work done in the Division of Plant Nutrition of the Univer. 
sity of California, where Dr. Hoagland’s genius has found its expression in 
a long series of distinguished contributions. He and his coworkers have been 
leaders in this field for many years, and it is a valuable service to plant 
physiologists to have the field presented by one so familiar with the tech- 
niques and the historical development of the subject of inorganic nutrition 
of plants. It is excellent in bringing the various phases of nutrition into a 
true perspective, and giving in compact space the essential ideas and philoso- 
phy of this region of plant physiology. 

It is so well done that it is hoped that every member of A.S.P.P. will want 
a personal copy of it. It does not attempt to be monographic; on that 
account it is simpler and more easily grasped than a more complete coverage 
of every detail would have made it. 

It is volume XIV of a new series of plant science books edited by FrRANs 
VERDOORN, and is published by the Chronica Botanica Company. Orders 
may be sent to the publishers: Waltham, Mass., the Chronica Botanica Co.; 
New York City, G. E. Stechert and Co. The price is $4.00 per copy. 


Natural and Synthetic Fibers, Abstract Service.— We call attention to 
the beginning of an abstract service and patent digest covering natural and 
synthetic fibers. It is edited by Dr. Mitton Harris, and Dr. H. Mark, and 
is published by the Interscience Publishers, Inc., 215 Fourth Ave., New 
York, N. Y. This service will be tremendously valuable to industrial labora- 
tories and libraries concerned with textiles and fibers. And university 
libraries having industrial and engineering departments will find it a very 
valuable research adjunct. It is put up in loose leaf form, ready to file in 
abinder. A filing system is worked out, and filing procedures given, making 
it easy to keep the file always in order. The tables of contents provide guide 
numbers for every item, so that the general table of contents applies to al! 
material filed subsequently. 

The fibers mentioned in the table of contents are: Cellulose; inorganic 
fibers; polyamide fibers; polyesters; protein fibers; vinyl and vinylidine 
fibers ; and miscellaneous fibers. 

Many illustrations and diagrams are used, and all necessary data ar 
given in the patent digests. 

The price of the service is $60.00 per vear, and the binder costs $3.00 
It is to be issued monthly. The first sample of the service, from which th: 
review is prepared contains 23 leaves, usually printed on both sides. Orders 
for the service should be sent to Interscience Publishers, Ine. 
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